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A BSTRA CT
FEASIBILITY OF MAINSTREAM NITRITE OXIDIZING BACTERIA OUTSELECTION AND ANAMMOX POLISHING FOR ENHANCED NITROGEN
REMOVAL
Pusker Raj Regmi
Old Dominion University, 2014
Co-Director: Dr. Gary Schafran
Dr. Charles Bott
Short-cut nitrogen removal avoids nitrite oxidation to nitrate by nitrite oxidizing
bacteria (NOB) and allows a) reduction o f formed nitrite to nitrogen gas via heterotrophic
denitrification and/or b) oxidation o f remaining ammonia with formed nitrite to nitrogen
gas via anaerobic ammonia oxidation (anammox). The precondition for achieving short
cut nitrogen removal is suppression o f NOB, which is favored by warm and high
ammonia strength conditions found in internally generated ammonia-rich waste streams
through anaerobic digestion o f waste solids referred to as sidestreams or reject water. The
discovery o f anammox bacteria in the mid-1990s, which are capable o f transforming
NH 4 + to nitrogen gas utilizing N O 2 ' as a substrate, has made suppression o f NOB even
more critical for nitrogen removal processes that take advantage o f the lower energy and
cost requirements o f this nitrogen conversion compared to traditional nitrogen removal
processes. Deammonification relies on ammonia oxidizing bacteria (AOB) to partially
convert NH 4 + to N 02- and anammox bacteria (AMX) to convert the remaining NH 4 + and
NO 2 ' to nitrogen gas. The challenges o f retaining slow growing AMX initially limited the
expansion o f benefits from autotrophic nitrogen removal; however, granular sludge and
attached growth systems have proven highly effective in achieving deammonification in
sidestream processes. Owing to the benefits that include energy and chemical savings,
short-cut nitrogen removal has emerged as a viable technology for sidestream treatment.
Consequently, mechanisms o f NOB suppression to perform short-cut nitrogen removal
are generally quite well understood for sidestream applications, which has allowed for the
development

o f robust

process

control

strategies.

To

date,

the

concept

of

deammonification has successfully been implemented in 100 full-scale treatment

facilities treating high ammonia strength waste streams around the world.
Due to the success o f sidestream short-cut nitrogen removal systems, there is
great interest in applying this form o f nitrogen removal to mainstream processes. Since
the dilute and cold conditions o f mainstream are not well-suited for suppression o f NOB,
short-cut nitrogen removal, in particular deammonification, has yet to be implemented in
full-scale. The successful implementation o f mainstream deammonification would
revolutionize and disrupt the way in which biological nitrogen removal is achieved at
wastewater treatment facilities. It represents a paradigm shift for the industry, offering
the opportunity for sustainable wastewater treatment, energy neutral or even energy
positive facilities and dramatic reductions in treatment costs, which has widespread
environmental, economic and societal benefits.
This dissertation deals with the pilot-scale investigation o f short-cut nitrogen
removal in low ammonia strength wastewater with temperatures <25 °C. An A-B process
pilot-scale system was operated over a two year period. The A-stage was a high-rate
activated sludge system for carbon removal and the B-stage consisted o f an activated
sludge system that targeted NOB out-selection which was followed by a fully anoxic
anammox MBBR. In this study, by employing a combination o f intermittent aeration,
high DO (>1.5 mg/L), residual effluent NH4+ (>2 mg/L), and aggressive SRT (< 5 days at
23-25 °C) and HRT (< 4hr), NOB out-selection was achieved in the continuous-flow
activated sludge process. The development o f novel aeration and SRT control strategies
based on advanced instrumentation, control, and automation for achieving NOB outselection in an activated sludge process and nitrogen polishing in subsequent anammox
MBBR was shown. A very fast startup time (less than 2 weeks) for anammox MBBR
was achieved by seeding anammox granules obtained from a full-scale, sidestream
anammox treatment process. Anammox MBBR proved highly stable during the study and
a very high maximum nitrogen conversion rate (> lgN /m 2/d) was demonstrated.
Therefore, this study shows carbon re-direction (potentially for energy production) in a
high rate A-stage does not cause carbon limitation in the B-stage for nitrogen removal if
control strategies and anammox-based nitrogen polishing is used as investigated in this
study.
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2-stage activated sludge system
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ammonia based aeration control

Afc

AvN (NH4-NOx) aeration controlled aerobic fraction

AMO

ammonia monooxygenase

Anammox

anaerobic ammonia oxidation process
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ammonia oxidizing bacteria
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activated sludge
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DO
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extracellular polymeric substances

ESS
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F:M

food-to-m icroorgan ism s

FA
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MBBR

moving bed biofilm reactor

MBR

membrane bioreactor
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mean cell residence time
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mixed liquor suspended solids

MLVSS

mixed liquor volatile suspended solids

MOV

mechanically operated valve

NAR

nitrite accumulation ratio

NOB

nitrite oxidizing bacteria

NOR

nitrite oxidoreductase
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nitrite oxidoreductase

OHO

ordinary heterotrophic organisms

OUR

oxygen uptake rate
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polyphosphate accumulating organisms
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particulate COD

PE
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PID
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PLC

programmable logic controller

PTF

preliminary treatment facility

PVC

polyvinylchloride

qPCR

quantitative polymerase chain reaction

RAS

returned activated sludge

RBC

rotating biological contactor

RWI

raw wastewater influent

SBR

sequencing batch reactor

sCOD

soluble COD

SLR

solids loading rate

SND

simultaneous nitrification and denitrification

SOR

surface overflow rate

SRT

solids retention time

SVI

sludge volume index

TIN

total inorganic nitrogen

TKN

total Kjeldahl nitrogen

TN

total nitrogen

TP

total phosphorus

TSS

total suspended solids

UASB

upflow anaerobic sludge blanket

VFA

volatile fatty acid

VSS

volatile suspended solids

WAS

waste activated sludge

WWTP

wastewater treatment plant
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CHAPTER 1

INTRODUCTION

1.1 Nitrogen Pollution
Fresh water accounts for less than 1% o f the total biosphere, which is increasingly stressed
by a growing population on the global level. Although water is considered to be a
renewable resource, widespread pollution is limiting its availability and transforming it
into a non-renewable resource at the local level. In 1908, the German scientist Fritz Haber
filed the patent for a novel process that was capable o f mass-scale fixation o f atmospheric
N 2 as ammonia. Later this discovery was further improved into the Haber-Bosch process.
Nitrogen fixation through the Haber-Bosch process accounted for 120 Tg N year-1 in 2005
(Galloway et al., 2008), which has been projected to increase to 165 Tg N year-1 by 2050
(Galloway et al., 2004). The inexpensive and ubiquitous Haber-Bosch nitrogen has
allowed intensification o f agricultural production that, among other factors, is the primary
driver for unprecedented growth in human population (7 times more people than it was in
1900). Unfortunately, this growth has not been sustainable and has imbalanced
biogeochemical cycles both at the local as well as the global levels. As large amounts o f
nitrogen accumulates, undesirable species which cause destruction o f the ozone layer
(N2O, NO), global warming (N2O), acid rain (NOx), pollution o f aquifers and water bodies
(NH4+, NO2-, NO3') are on the rise.
Although nitrogen is a building block that creates amino acids and proteins o f living
organisms and a limiting nutrient for the crops grown by humans, excessive deposition o f
nitrogen species such as ammonium and nitrate in the terrestrial and marine ecosystems
triggers wide-scale problems such as eutrophication and ground water pollution.
Eutrophication and aquatic toxicity can be caused by flow o f nitrogen-laden water in
sensitive water bodies. In this context, removal o f nitrogen species from wastewater before
being discharged is desired. Nitrogenous compounds with oxidation states in the range o f 3 to +5 are o f concern when the topic is nitrogen pollution. These compounds include
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ammonia-nitrogen (NH 4 +, -3), dinitrogen gas (N 2 , 0), nitrite-nitrogen (NO 2 ', +3), and
nitrate-nitrogen (N 0 3 ‘, +5). In nature, nitrogen is constantly transformed between various
species, comprising the basis o f the nitrogen cycle. As a result o f organic nitrogen
hydrolysis, nitrogen in wastewater is mostly present as ammonium (Barnes et al., 1983).
In each oxidation state, the nitrogen atom combines with atoms o f hydrogen, oxygen and
nitrogen resulting in the formation o f unique inorganic molecules (Figure 1). Since kinetics
control the oxidation state rather than the thermodynamic equilibrium, all oxidation states
are viable in an aqueous systems. However, some o f these molecules are not highly stable
in terms o f thermodynamics (Williams et al., 1996).
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Figure 1. Nitrogen cycles (based on Grady et al., 2011).
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The Chesapeake Bay

The Chesapeake Bay is the largest estuary in North America and the third largest in the
world. The watershed that drains into the Chesapeake Bay covers a region o f 165,800 km2
that includes parts o f six states: Delaware, Maryland, New York, Pennsylvania, Virginia,
and West Virginia. The Bay covers an area o f approximately 11,400 km2 as it stretches 332
km from Virginia Beach, Virginia, to Havre de Grace, Maryland, at the mouth o f the
Susquehanna River. The Bay watershed consists o f about 150 major rivers and streams.
The Bay and its tidal tributaries have around 18,804 km o f shoreline and 11,613 km2 of
surface area. The Bay watershed has a 14:1 land to water ratio (Land Area: Water Area),
accompanied by an average depth o f 21 feet. This shallow depth and large watershed make
the Bay very susceptible to land use practices.
The Chesapeake Bay is home to a wide variety o f plant species, sea life and waterfowl.
The Bay supports more than 3,600 species o f plants, fish and animals. The combination o f
fresh water and salt water in the Bay promotes a fertile place for organisms to grow. The
Bay provides commercial and recreational resources for more than 16 million residents in
its watershed. It also supplies about 500 million pounds o f seafood per year (Chesapeake
Bay Program, 2012).
In 1975, the Unites States Congress invoked the United States Environmental Protection
Agency (US EPA) to study the deteriorating water quality and declining health o f the
Chesapeake Bay as authorized by the Clean Water Act o f 1972. The study concluded that
nutrient enrichment within the Bay resulted from increased agricultural development,
population growth and sewage treatment plant discharges was having an adverse impact on
water quality. Nitrogen, phosphorous, and sediment overloading was identified as the
major cause o f the declining water quality in the Bay. Algal blooms caused by excess
nutrients result in the depletion o f dissolved oxygen from water. This process, referred to
as eutrophication, results from the growth and decay o f algae. The density o f algal blooms
reduces sunlight penetration through the water column which is needed to support growth
o f submerged aquatic vegetation. In addition, decomposition o f algae further deplete the
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water o f oxygen. Hypoxic conditions and lack o f aquatic plants negatively impacts aquatic
life.
In 1998, the Bay was listed as impaired in the states o f Virginia, Maryland and the District
o f Columbia under the Clean Water Act (Chesapeake Bay Program, 2012). Nutrients from
airborne contaminants (e.g., automobile emissions), nonpoint sources (e.g., runoff) and
point sources (e.g., municipal wastewater treatment plant discharge) enter the Bay on a
daily basis. The Chesapeake Bay Foundation reports nitrogen pollution is the most
significant problem facing the Bay. It also states that wastewater treatment plants are the
second largest source o f nitrogen pollution. The Bay’s largest recorded “dead zones”
(hypoxic areas) occurred in 2003.
To protect and restore the Chesapeake Bay’s ecosystem, state governments, the District o f
Columbia and the US EPA signed various agreements in 1983, 1987, and 2000. With the
goal o f removing the Bay from the list o f impaired waters and improving water quality by
2010, the Bay partners signed an agreement in 2000. These goals were supported by
Delaware, New York and West Virginia, the non-signatory Chesapeake Bay watershed
states.
Despite many substantial efforts by the Chesapeake Bay partners for more than 25 years,
Chesapeake Bay water quality has not improved significantly. On May 12, 2009, President
Obama signed an executive order empowering the USEPA to set a demanding timetable
for Bay restoration efforts. The order also granted the EPA the ability to penalize states
failing to meet the outlined goals. Further, in order to fast-track efforts to significantly
reduce nitrogen and phosphorus pollution, the Chesapeake Bay partners have been required
to implement two-year goals called “milestones”, with an ultimate goal to restore the
health o f the Bay by 2025. In December 2011, the six states and the District o f Columbia
began meeting every two years for discussion and implementation o f these “milestones”.
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1.2 Project Background
On December 29, 2010, the USEPA established the Chesapeake Bay Total Maximum
Daily Load (TMDL) to restore clean water in the Chesapeake Bay and the region’s
streams, creeks and rivers.

Under this mandate, each state that discharges into the

Chesapeake Bay has prepared a Watershed Implementation Plan (WIP) designed to
accomplish a set o f allocation goals identified in the USEPA Chesapeake Bay TMDL. In
Virginia’s WIP, the Hampton Roads Sanitation District (HRSD) is required to meet the
2021 nutrient allocation o f 3.4 million pounds per year (current nutrient allocation is 6
million pounds per year) for the seven wastewater treatment plants (cumulatively) that
discharge into the James River basin:
Since the limits are based on the total mass discharged from all seven o f the
aforementioned HRSD-operated plants discharging to the James River basin, HRSD has
the flexibility to make the most cost-effective plant modifications collectively to meet the
nutrient allocations. In 2005, HRSD determined that upgrading the 24 MGD ChesapeakeElizabeth Treatment Plant (CETP), which primarily serves Virginia Beach and Norfolk.
CETP is a conventional high-rate activated sludge (HRAS) process without primary
clarifiers operated at a 1.5-2.5 day solids retention time (SRT). The plant discharges into
the Chesapeake Bay, however, it does not perform nitrogen removal. In order to meet
future limits, HRSD anticipates reducing effluent nitrogen concentrations at CETP to
within a range o f 5-8 mg/L TN. To meet this objective, construction o f a conventional 3stage BNR process with an effluent goal o f 8-12 mg/L TN would be followed by
construction o f second anoxic zones or denitrification filters that would reduce the effluent
TN to approximately 5 mg/L was considered. Three conventional BNR processes, a VIP
process followed by denitrification filters, 5-stage Bardenpho process, and a step-feed
BNR were reviewed. Process simulation using the Biowin (EnviroSim, Ontario, Canada)
model indicated that while all three processes would be able to reliably meet a total
nitrogen effluent limit o f 5 mg/L, significant reactor volume upgrades would be required
(Hazen and Sawyer, PBSJ, McKim & Creed, 2002). These upgrades were estimated at
$125 - 150 million, and a significant increase over current operating cost would be
expected.
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A proposed alternative is to install a European-style' Adsorption-Biooxidation (A-B)
process. The A-B process is a two-sludge system that utilizes an adsorption-style high-rate
activated sludge A-stage for COD removal followed by a B-stage for biological nitrogen
removal (BNR).

With the high soluble COD (sCOD) fraction typical o f HRSD

wastewater, the reduced organic load from the A-stage would allow the B-stage to fit into
the existing aeration basin volume and would greatly reduce the capital cost o f an upgrade,
as compared to traditional primary clarification or chemically enhanced primary treatment
(CEPT). Because denitrification requires an organic carbon source as an electron donor,
the reduction in influent carbon can limit the denitrification capacity o f the B-stage. To
overcome this carbon limitation, the B-stage intermittent aeration control strategy based on
effluent NH 4 + and/or N02" and NCb' and a short-cut nitrogen removal through nitritationdenitritation can be integrated into the B-stage process. This operating condition requires
high intensity monitoring and automated controls to maintain the desired operating
conditions. Additional nitrogen removal can be achieved by integration anammox bacteria
into the system.

1.3 Motivation of the Research
Biological nitrogen removal is considered economical compared to physicochemical
methods o f nitrogen recovery for wastewater containing less than 5 gN/L (Mulder, 2003).
The low volumetric carbon and nitrogen loading rates (~1 gCOD/L/d and 0.08 gN/L/d)
render conventional activated sludge (CAS) systems inefficient in terms o f energy
utilization. Typically 60-70% energy consumption o f wastewater treatment is associated
with aeration required for carbon and nitrogen removal (Zessner et al., 2010). When
enhanced primary settling (to increase physicochemical sludge production) is employed in
conjunction with a separate nitrogen removal step for the digestate o f primary and
secondary sludge, a 25% decrease o f aeration requirements can be realized (Siegrist et al.,
2008). Further, a highly-loaded activated sludge step targeting conversion o f influent
carbon to biomass at maximal yield and an anaerobic digestion to produce electricity can
result in energy-neutral wastewater treatment (Wett et al., 2007).
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It is generally understood that the energy content o f raw wastewater is more than the
energy requirements o f the treatment (reference). The organic compounds present in
wastewater contain approximately 14 MJ/kg COD o f energy; mostly lost as metabolic heat
when aerobically oxidized (Jetten et al., 1997). The basis o f energy-neutral wastewater
treatment requiring nitrogen removal is energy recovery from concentrated organic carbon
and subsequent minimization o f energy requirement for biological nitrogen removal
(McCarty et al., 2011). Many studies report the possibility o f energy-positive wastewater
treatment (Siegrist et al., 2008, Verstraete et al., 2009, Kartal et al., 2010), however, plants
without anaerobic digestion can still benefit from carbon concentration followed by short
cut nitrogen removal.
For wastewater containing low COD/N ratio (typically < 2-3), short-cut nitrogen removal
with partial nitritation and anammox results in 60% less aeration, 90% less sludge
production and 100% reduction o f organic carbon addition compared to conventional
nitrification-denitrification (Mulder, 2003), hence, 30-40% reduction in nitrogen removal
cost can be expected (Fux et al., 2004). Short-cut nitrogen removal with nitritation and
denitritation also results in savings o f 40% carbon requirement in the denitrification step
and 25% oxygen consumption in the nitrification step (Turk et al., 1986).
The high rate operation (<1 day SRT, 30 min HRT, <1 mg/L DO)

o f the carbon

concentration step [A-stage; Bohnke et al., 1980] results in the removal o f influent
particulate, colloidal, and soluble COD with minimal energy input in a small footprint by
maximizing sludge production (i.e., yield), bacterial storage, and bioflocculation. The
positive side-effect

o f operating with high yield is high nitrogen and phosphorus

assimilation (Jetten et al., 1997). The A-stage biomass has better digestion characteristics
compared to secondary sludge, which results in lower overall sludge production where
sludge digestion is connected to a wastewater treatment plant(van Loosdrecht et al., 1997).
A-stage also offers 57-68% reduction in specific aeration requirements compared to singlestep CAS (MUller-Rechberger et al., 2001).
The domestic wastewater is characterized by carbon and nitrogen concentrations o f 4501000 mgCOD/L and 30-100 mgN/L (Tchobanoglous et al., 2003; Henze et al., 2008). A
highly loaded A-stage is capable o f removing 50-80% and 10-15% o f influent COD and
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nitrogen, respectively, reducing the COD/N ratio to less than what is required for
conventional nitrification-denitrification in the nitrogen removal step (B-stage). To achieve
the same level o f nitrogen removal efficiency through the A/B process external carbon
must be added undermining the advantages o f an A-stage. However, if the B-stage is
optimized for short-cut nitrogen removal, external carbon may not be required and benefits
o f efficient carbon removal by an A-stage treatment can be realized. Suppression o f
nitratation (conversion o f NCh' to N O 3 ) through out-selection o f nitrite oxidizing bacteria
(NOB out-selection hereafter) is a prerequisite for short-cut nitrogen removal. NOB outselection (where NOB populations are maintained at low levels) in a highly loaded
nitrogen stream (>250 mgN/L) and high temperatures (>30 °C) has made short-cut nitrogen
removal possible for treating digestate o f primary and

secondary

sludge. The

characteristics o f domestic wastewater (nitrogen: 30-100 mgN/L, temperature: 8-30 °C)
has rendered NOB out-selection difficult to achieve for mainstream wastewater treatment.
The main objective o f this study is to develop technologies based on control strategies to
treat domestic wastewater efficiently in a mainstream application by harnessing carbon
concentration and diversion and short-cut nitrogen removal for stringent nitrogen limits.
The goal is to optimize the influent carbon utilization such that energy (aeration),
volume/footprint (capital investment), and chemical (external carbon and alkalinity)
savings for carbon and nitrogen removal is achieved, while using existing infrastructure
and meeting specific effluent criteria.

1.4 Research Objectives
Partial nitritation and anammox (deammonification) for mainstream wastewater treatment
represents a more efficient biological pathway o f removing nitrogen than currently
employed processes, however, the out-selection o f NOB and retention o f anammox
bacteria (AMX) are the main challenges for mainstream deammonification. For plants
treating their primary and secondary sludge using anaerobic digesters there is an
opportunity

for sidestream

deammonification.

One possible way

o f mainstream

deammonification in such a scenario can be bioaugmentation o f sidestream generated AOB
(system can be operated at an SRT below AOB washout for NOB out-selection) and
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anammox. However, for the plants without anaerobic digesters such as CETP, which relies
on

incineration

for biosolids management without energy

recovery,

mainstream

deammonification will have to rely on a different approach o f NOB out-selection and
AMX retention.
For plants with anaerobic digestion there is an incentive o f diverting carbon for energy
recovery, while non-digester plants could use the influent carbon for denitrification. If
short-cut nitrogen removal with nitritation-denitritation is promoted to the extent possible,
taking advantage o f heterotrophic denitritation to assist with NOB out-selection, the use o f
anammox to polish residual ammonia and nitrite can be considered (Figure 2).

The

benefits o f this strategy may include minimization o f aeration energy usage and
elimination o f supplemental carbon. However, it is important to note that if carbon is not
diverted using a carbon concentration step (e.g., HRAS) in the mainstream, surplus COD
as a result o f 40% reduction o f COD demand due to nitritation-denitritation gets oxidized
aerobically. In fact, O 2 demand to oxidize this surplus COD equals the 25% reduction in O 2
demand that results from nitritation-denitritation pathway (simple electron balance).
Therefore, it is very important to recognize the purported aeration energy savings is only
possible if the influent wastewater is diverted prior to the nitrogen removal step in
mainstream systems.
When wastewater carbon is diverted the nitrogen removal step aeration tank and/or
secondary clarifier volume requirement can also be decreased, particularly for high carbon
strength wastewater. Further, the diverted carbon can also be converted to energy or some
other valuable commodity (e.g. chemicals), for example in an incinerator plant with energy
recovery; the value o f the redirected carbon improves the overall benefit o f the A-B
process configuration.
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Process
Features

Carbon Concentration
High rate activated sludge
Low HRT and SRT for carbon
removal

Nitrogen removal
Activated sludge
Low HRT and SRT for
nitrogen removal

Promote bio-flocculation over
carbon oxidation

Intermittent aeration

Nitrogen polish
Anoxic MBBR
Autotrophic nitrogen
removal through AMX
pathway

Promote NitritationDenitritation

Advantages

Small footprint
Lower aeration energy for
carbon removal

Produce effluent suitable for
anammox polishing
Small footprint
No supplemental carbon and
alkalinity addition

No aeration
No supplemental carbon
and alkalinity addition

Figure 2. Description o f A-B process with nitrogen polish step.

The principal goal o f this research is to carry out a comprehensive study on the feasibility
o f nitritation-denitritation and anammox in a mainstream wastewater treatment process
using optimized reactor configurations and control strategies at ambient wastewater
temperatures without relying on boiaugmentation. The new insights should help to
understand how the relatively broad knowledge and experience from sidestream
deammonification systems can be transferred to successful mainstream nitritationdenitritation and anammox applications. To accomplish that goal, the following objectives
are outlined:
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HYPOTHESIS 1: NOB out-selection in warmer, high NH4+ strength wastewater is aided
by free ammonia (FA) and/or free nitrous acid (FNA) inhibition. There is a need to
approach NOB out-selection in low NH 4 + strength wastewater at ambient temperature
differently such that mainstream nitritation-denitritation, mainstream deammonification, or
some combination thereof could be effectively deployed.
OBJECTIVE 1: Develop control strategies unique to mainstream activated sludge
application

fo r

reliable

NOB

out-selection

without

relying

on

sidestream

deammonification processes.
HYPOTHESIS 2: NOB out-selection in mainstream would require completely different
control strategies compared to sidestream strategies, therefore mechanisms for NOB outselection are also expected to be different.
OBJECTIVE 2: Understand underlying mechanisms to increase the reliability o f NOB outselection in mainstream activated sludge.
HYPOTHESIS 3: The concentration and diversion o f carbon prior to nitrogen removal step
allows for energy recovery and has the added advantage o f smaller aeration volume
particularly for high carbon strength wastewater.
OBJECTIVE 3: Develop criteria and strategies fo r controlling carbon concentration step
such that optimum influent carbon to nitrogen ratio (C/N ratio) is provided fo r nitrogen
removal step. (This was an important p a rt o f the overall effort but is not covered in this
study).
HYPOTHESIS 4: Nitrogen removal performance step may not be satisfactory for meeting
low nitrogen limits. The effluent o f nitrogen removal step is likely to contain N 02'-N and
NH 4 +-N in the effluent due to NOB out-selection.
OBJECTIVE 4: Develop control strategies that allow the use o f anammox fo r nitrogen
polishing.
HYPOTHESIS 4: Sidestream anammox processes have shown slow startup times due to
challenges associated with retention o f slow growing and low yield AMX organisms.
OBJECTIVE 5: Evaluate the feasibility o f A M X retention in an MBBR to meet low effluent
TN objectives.
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1.5 Dissertation Organization
A comprehensive overview o f BNR technologies and recent developments are covered in

Chapter 2. It focuses on fundamental science to application o f the novel short-cut nitrogen
removal technologies, which rely on out-selection o f NOB. This chapter is intended to
provide extensive background on the topic o f short-cut nitrogen removal based on the
latest literature review from a wide range o f sources.

Chapter 3 deals with materials and methods used in this study. Many important accepts o f
the pilot-plant that was conducted for this study is covered. The novel process control
strategies that were developed based on latest sensor technology and advanced instruments,
control and automation is presented in this chapter. The cutting-edge assessment
techniques o f microbial population is also presented.
The novel nitrogen removal technologies that are possible based on the findings o f this
study (that includes four full non-provisional patents application) is presented in Chapter

4. The technologies proposed in this chapter are further supported by references to other
chapters in this dissertation.

The major findings o f pilot process train (plug-flow) focused on the upgrade ChesapeakeElizabeth wastewater treatment plant is presented in Chapter 5. The emphasis is on the
novel ammonia-based aeration control and operational strategies that proved highly
effective for achieving efficient nitrogen removal at limited influent C/N ratio.
The novel NOB out-selection strategies in mainstream wastewater conditions were
explored in another experimental pilot process train (CSTR). The possible mechanisms o f
NOB out-selection in mainstream conditions and operational strategies is presented in

Chapter 6.
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The findings o f first ever mainstream anammox nitrogen polishing MBBR receiving
effluent o f a CSTR optimized for nitritation-denitritation is presented in C h ap ter 7. This
chapter also includes the start-up o f fully anoxic anammox MBBR and long-term stability.

To leverage the findings from Chapters 5, 6, and 7 and expand the boundaries o f
application scenarios the pilot-plant was further upgraded. C h ap ter 8 presents the major
outcomes o f 1) plug-flow reactor optimized for NOB out-selection to achieve nitritationdenitritation at a wide range o f nitrogen loadings and influent C/N ratio 2) anammox
MBBR optimized for removal o f NTLf-N, NCh'-N, and N 0 3 '-N through limited addition
o f acetate.

A brief summary o f the results o f this study and the wider implications on the
sustainability o f advanced nitrogen removal systems is presented in C h a p te r 9. It also
highlights future needs for the widespread implementation o f technological solutions
proposed in this study.
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CHAPTER 2

LITERATURE REVIEW

2.1 Nitrification and Denitrification
Conventional nitrification and denitrification is the most common biological method of
nitrogen removal from municipal wastewater with typical characteristics summarized in
Table 1. This two-step process involving different groups o f organisms is often achieved
through alternating wastewater between aerobic/anoxic reactors, typically in an activated
sludge system. However, biological nitrification alone is sufficient where N H 4 + removal is
the only requirement. The conversion o f NH 4 + is carried out by a group o f specific bacteria
referred to as nitrifiers while heterotrophic organisms that denitrify N O 3 ' to N 2 gas are
termed denitrifiers as a whole. The specific substrate affinities and environmental niche o f
these bacteria are considered when designing biological nitrogen removal processes.

Table 1. Typical composition o f raw municipal wastewater with minor contribution o f
industrial wastewater (Henze et al., 2008).
Parameter
COD total
COD soluble
BOD
N total
Ammonia-N
P total
Ortho-P
TSS

Concentration (mg/L)
500-1200
200-480
230-560
30-100
20-75
6-25
4-15
250-600

«
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Nitrification
Nitrification is the first step in the biological nitrogen removal processes, therefore
optimizing nitrogen conversion by ammonia oxidizing bacteria (AOB) and nitriteoxidizing bacteria (NOB) has been the focus. The reactions involved in nitrification by
AOB and NOB are provided in Equations 1 and 2 respectively.

2NH4++ 3 0 2 -> 2 N 0 2 +4H++2H20

(1)

2 N 0 /+ 0 2 -> 2 N O i

(2)

In the first step o f nitrification, AOB oxidize NH 4 + to NO 2 ' and then NOB oxidize NO 2 ' to
N O f. The stoichiometric oxygen demand for complete NH 4 + oxidation is 4.57 g
where 3.43 g

02

/g N is used by AOB to produce N02‘ while 1.14 g

0 2

0 2

/g N,

/g N is used by NOB

to produce NO 3 '.
The stoichiometric consumption o f alkalinity by nitrification is 7.14 g CaC 0 3 /g NH 4 +-N
(Equation 3).

NH 4 ++ 2H C 0s'+ 20 2 -> N 0 f+ 2 C 0 2 +3H20

(3)

The stoichiometric demand o f oxygen and alkalinity is used to estimate the cost o f
operating a conventional nitrification process (Tchobanoglous et al., 2003) and provides a
baseline for comparing alternative ammonia oxidation processes.
Nitrification is sensitive to environmental and operating conditions such as pH,
temperature, DO, and substrate loading. The optimal pH range for nitrification is between
7.5 and 8; as pH drops below 6.8, nitrification rates decrease.

In order to maintain

optimum pH, supplemental alkalinity is added to wastewater streams with low indigenous
alkalinity. As NH 4 + is consumed by nitrification, the pH o f the wastewater decreases due
to free H+ release (Tchobanoglous et al., 2003). Both free ammonia NH3 and un-ionized
nitrous acid HNO2 have been shown to inhibit nitrification.

The extent o f inhibition
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depends on total nitrogen species concentrations, bacteria taxonomic group, pH, and
temperature.

However, NOB are prone to inhibition at lower concentrations o f free

ammonia and free nitrous acid compared to AOB (Vadivelu et al., 2007). Since nitrifiers
are slow growing organisms, solids retention time (SRT) is a key parameter for
nitrification process. Nitrification processes operated below 28°C are typically rate limited
by the ammonia oxidation step (Tchobanoglous et al., 2003), as such the design o f these
systems are based on the Monod kinetics for ammonia oxidation (Equations 4 and 5)

1/SRTmin = (in

(4)

fin= fan»/K„+N) (DO/Ko+DO)-Kdn

where SRTmin isthe

(5)

critical or wash-out SRT o f nitrifying bacteria, pnis the specific

growth rateo f thenitrifying bacteria, pnm is the maximum specific growth rate,

N is the

target NH 4 +-N concentration o f the effluent, Kn is the nitrifier Monod half-saturation
coefficient for ammonia, K 0 is the half-saturation coefficient for DO, DO is the dissolved
oxygen concentration in the basin, and Kdn is the endogenous decay rate (Tchobanoglous et
a l, 2003).
Typical

operating

SRT values

vary depending

on

temperature

and

wastewater

characteristics but may be between 10-20 days at 10°C or 4-7 days at 20°C. The SRT
values given above are design considerations for conventional nitrification, however, they
provide a good baseline comparison when considering SRTs for innovative ammonia
oxidation processes.

Denitrification
Biological denitrification is the reduction o f NO 3 ' to N02" and then further to dinitrogen
(N 2 ) gas by a group o f heterotrophic bacteria (also known as denitrifiers) in anoxic
conditions. The release o f N 2 gas through denitrification completes the total nitrogen
removal process. Denitrifiers are heterotrophic, facultative, anaerobic organisms which, in
the absence o f oxygen, activate the nitrate reductase enzyme, allowing oxidized nitrogen
species to be used as an electron acceptor. The stoichiometry o f the reaction depends on
the nature o f the organic carbon source. The complete denitrification reactions with typical
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wastewater as the carbon source and methanol as a carbon source are shown in Equations 6
and 7 (Tchobanoglous et al., 2003).

Wastewater:
C 10H 19 O3N + lO N O i

5N 2 + IOCO 2 + NH 3 + SH 2 O+ 10OH-

(6)

Methanol:
5CH3OH + 6 NO 3 -> 3 N 2 + 5 C 0 2 + 7H20 + 6 0 H '

(7)

Each g o f NC>3 '-N has the electron accepting capacity o f 2.86 g O 2 . Biological
denitrification produces 3.57 g o f alkalinity as CaCCb per g N reduced, so by combining it
with nitrification (-7.14 g o f alkalinity as CaCCb) the alkalinity requirement o f nitrogen
removal can be reduced by approximately 50% (Grady et al., 2011). The reduction
capacity o f denitrification depends on the length o f time that the biomass is allowed to
grow using nitrate as a substrate. Additionally, sufficient COD must also be present to act
as an electron donor.

The need for an exogenous carbon source is dependent both on

where along the treatment train denitrification takes place and the wastewater
characteristics.

To use the influent COD contained in the wastewater pre-anoxic

denitrification preceding nitrification is often used, however it requires cycling o f nitrified
sludge in order to provide NO 3 ' for denitrification.

In a post-anoxic approach, the

denitrification process follows nitrification, which requires the addition o f an external
carbon donor to increase the reaction rate o f the process as COD o f the influent wastewater
is aerobically oxidized by heterotrophs during nitrification. The carbon required as bsCOD
for denitrification can be determined from Equation 8.

g bsCOD/g NO 3 -N = 2.86/(l-1.42Yn)

(8)

Where: Yn is the net anoxic biomass yield as g VSS/g bsCOD, bsCOD = biodegradable
soluble COD (Tchobanoglous et al., 2003).

I
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Denitrification as a part o f conventional nitrification-denitrification scheme is not ideal to
remove nitrogen from sidestream wastewater with typical characteristics as shown in Table
2 since it requires high COD loadings that is not typically present in sidestream
wastewaters.

Table 2. Typical municipal sidestream centrate characteristics.
Parameter

Typical Range

sCOD

200-1,000 (mg/L)

COD

500-3,000 (mg/L)

TSS

50-3,000 (mg/L)

T

30-40 °C

nh

4+

Alkalinity

500-1500 (mgN/L)
3.5 x NH 4+-N (mg/L as CaCOs)

Typical COD requirements for conventional nitrification/denitrification, based on the 2.86g COD/g N would be higher thus supplemental carbon (typically methanol is used)
would be required (Hellinga et al. 1998).

Additionally, sidestream centrate typically

contains enough alkalinity for partial nitrification but not full nitrification.

Therefore

supplemental alkalinity is also required for conventional nitrification/denitrification
sidestream treatment processes.

2.2 Conventional Biological Nitrogen Removal (BNR)
Because biological nitrogen removal consists o f an aerobic step as well as an anoxic step,
conventional BNR treatment processes often contain separate aerobic and anoxic
tanks/reactors though this is not required. The processes are grouped into two basic flow
configurations, pre-anoxic and post-anoxic denitrification.
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Post-anoxic Denitrification
The basic post-anoxic configuration has an anoxic zone after the aerobic zone (Figure 3).
Nitrification occurs in the aerobic zone and then subsequent denitrification in the anoxic
zone. During nitrification in the aerobic zone simultaneous heterotrophic carbon oxidation
also occurs lowering the amount o f organic substrate available for post denitrification.
Therefore, post-anoxic denitrification process relies on the organic matter released through
endogenous decay, resulting in very long reaction times and consequently requiring very
large reactor volumes, or the addition o f an external carbon source such as methanol or
acetate. External carbon addition can be very expensive and may require special care for
safe storage, handling and application.

Carbon
AER

ANX

SCL

RAS
WAS

Figure 3. Basic post-anoxic BNR configuration with supplemental carbon addition
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Pre-anoxic Denitrification
Pre-anoxic denitrification processes have the anoxic zone ahead o f the aerobic zone
(Figure 4). Since the denitrification zone occurs ahead o f the aeration zone, pre-anoxic
processes are able to utilize the organic carbon present in the influent wastewater for
denitrification. In addition to eliminating the need for external carbon addition, this also
reduces the organic load to the aeration zone as well. The overall denitrification in this
system is limited by the amount o f NCV-N that is recycled by the RAS line to the anoxic
zone.

ANX

SCL

AER

RAS
WAS

Figure 4. Basic pre-anoxic BNR configuration.

The MLE Process
To improve upon the benefits o f the pre-anoxic process and alleviate limitations, it was
modified to include an internal mixed liquor recycle (IMLR) stream from the aerobic zone
back to the anoxic zone (Figure 5).

This process, termed Modified Ludzak-Ettinger

(MLE), is the most common process used for domestic wastewater treatment requiring
moderate N removal performance and is the core for many o f the more complex BNR
processes that have been developed since (Tchobanoglous et al., 2003). The MLE process
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offers simple control, good nitrogen removal, and moderate volume requirements, but
cannot achieve the high levels o f nitrogen removal that may be required o f modern plants.
Nitrogen removal in an MLE process is dependent on flow rate o f the IMLR.

The

alkalinity generated during denitrification becomes available to maintain proper pH for
nitrification. The recycle o f nitrified mixed liquor (nitrate) to a denitrifying zone is the
primary driver for nitrogen removal; the recycle ratio determines the percentage o f
achievable nitrogen removal. Since this approach relies on simultaneous growth o f
autotrophic nitrifiers and heterotrophic denitrifiers, nitrification rates remains relatively
low for a given treatment volume.

ANX

AER

SCL

Figure 5. Modified Ludzack-Ettinger process.

4-Stage Bardenpho
The four-stage Bardenpho process is an MLE with an additional anoxic zone added after
the aerobic zone followed by a small aerobic zone preceding the clarifier (Figure 6). This
additional anoxic zone allows for greater denitrification capacity, capable o f producing
effluent in the range o f 1.5 - 4 mg N/L total nitrogen. This comes at the cost o f increased
reactor volume and may require the addition o f external carbon to the second anoxic zone
(Grady et al., 2011).
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Carbon
P-ANX

P-AER

g

Figure 6. 4-stage Bardenpho process.

Step-Feed BNR With Internal Recycle
In a step-feed BNR process the influent is split between a series o f anoxic/aerobic reactor
combinations (Figure 7).

This allows the influent organic substrate to be distributed

throughout the process. Returned activated sludge (RAS) dilution in a step-feed process
which creates a condition where the mixed liquor is not evenly distributed throughout, and
the MLSS is greatest at the front o f the process. This enables the system to operate at a
higher MLSS without increasing volume and can be advantageous during heavy loading
conditions. Many non-BNR plants are already set-up in a step feed (or with an optional
step-feed) configuration, making the upgrade to BNR relatively easy.

Step-feed BNR

plants can typically achieve effluent TN goals o f <10 mg N/L. With the addition o f an
IMLR at the last application point, effluent TN levels as low as 3 - 5 mg N/L may be
achieved.

The disadvantage o f a step-feed system is that process control is often

complicated as precise DO control is required in all o f the aeration tanks in order to
prevent the bleeding o f DO into the following anoxic zone.

Determining the best

distribution o f influent flow requires successive iterations in a modeling program.

The

uneven distribution o f the MLSS complicates the SRT calculation and may not be suitable
if tight SRT control is desired (Tchobanoglous et al., 2003).

Figure 7. Step-feed BNR with internal recycle.

2.3 Multi-stage Carbon and Nitrogen Removal
In single sludge systems, multiple microbial groups (e.g., heterotrophs, AOB, NOB, PAO)
co-exist across a range o f redox environments. Therefore, single-sludge systems do not
favor a particular group o f organisms and changes in activities o f each group depends on
reactor configuration used. This provides operational simplicity as only one biomass is
managed through a single set o f secondary clarifiers or membranes. Further, this
configuration ensures inherent COD content o f wastewater is available for denitrification
and biological phosphorus removal. The disadvantage, however, is that every microbial
group is functioning outside o f its optimal growth conditions inhibiting overall
performance. Furthermore, to protect the most vulnerable among the microbial groups
(e.g., AOB), designs have large safety factors which are more than adequate to another
group o f microorganisms (e.g., heterotrophs).
The main benefit o f multi-stage systems is that the separation o f carbon removal from
nitrogen removal allows each process to be optimized independently. Two-sludge systems
decrease the infrastructure required for adequate nitrification since autotrophic doubling
times are approximately twice that o f heterotrophs. However, if a carbon removal or
nitrification plant receives a total nitrogen limit, expansion o f existing tankage and addition
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o f post-denitrification process with supplemental carbon is required (Figure 8). Although it
is possible to include denitrification in two-stage plants, the carbon removal in the first
stage and nitrification in the second stage reduces the availability o f carbon for the nitrate
reduction in the second stage (Matsche et al., 1993). Therefore, supplemental carbon is
required to achieve adequate denitrification. The Blue Plains advanced wastewater
treatment plant in Washington, DC, USA is an example o f a two-sludge system for
nitrogen removal.
Carbon
AER

PCL

PSL

RAS

WAS

RAS

WAS

Figure 8. A high-rate activated sludge process for carbon removal followed a low-rate
nitrogen removal process with external carbon addition.

The low cost o f supplemental carbon in the past made such approach common to meet
nitrogen limits, however, the sustainability o f these practices are being questioned now.
Hence, the emerging short-cut nitrogen removal technologies that do not require
supplemental carbon are capable o f preserving the benefits o f two sludge systems.

Adsorption-Bio-oxidation (A-B) Process
The A-B process consists o f a very high-rate activated sludge (HRAS) A-stage for COD
removal followed by another activated sludge process, a B-stage for nitrogen removal
(Figure 9). The perceived advantage o f two biological ecosystems is that each can be
operated optimally to achieve the goal o f the overall system. The A-stage typically
operates at a very short SRT (0.25-0.5 days) and a high food to microorganism (F:M) ratio
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similar to conditions o f sewer lines, which contain a significant amount o f bacteria
(Bohnke et al., 1997). Therefore, the microbial population selected by a very high rate
operation is similar to the indigenous bacteria in influent wastewater (Bohnke et al., 1997).
The A-stage bacterial population not only oxidizes organic carbon to CO 2 but also removes
both soluble and particulate COD through bioflocculation and enmeshment in bacterial
extracellular polymeric substances (EPS). Consequently, low cost COD removal at
reduced volumetric requirements is achieved by the A-stage.

A-stage processes are

minimally aerated to avoid anaerobic conditions, but bulk DO levels are usually lower than
the detection limit o f a commercially available on-line DO sensor. Bohnke et al. (1997)
showed a linear increase in COD removal efficiencies with increasing COD load. As a
result an A-stage is known to buffer and protect the B-stage during shock loading periods.
A stable A-stage provides relatively constant COD loading to the B-Stage in spite o f
fluctuations in the influent wastewater. Further, A-stage operation breaks down complex
organic molecules into readily biodegradable substrate which could be used for
denitrification in the B-stage (Bohnke et al., 1997).

Figure 9. Adsorption-Bio-oxidation (A-B) process configuration.

A multi-stage A-B process was developed at the Krefeld treatment plant in Germany
specifically to tackle nitrification toxicity where industrial sources comprised o f -5 0 % of
the influent load. Before the upgrade, the treatment plant employed primary clarification
followed by a combined carbon and nutrient removal that experienced periodic inhibition
o f nitrification.

A very-high-rate adsorption or A-stage was installed and the existing

primary was converted to intermediate clarification. The A-B process upgrade at the
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Krefeld plant achieved complete nitrification with average effluent N fL f concentrations of
0.14 mg N/L, and effluent TP and TN concentrations o f 0.19 mgP/L and 5.45 mgN/L,
respectively. Further, the volumetric requirement for the A-B process was considerably
lower when compared to a single-stage nitrification plant with primaries (Bohnke 1983).
The compact A-B process could reduce the required specific aeration tank volume to as
low as 65 L/PE (population equivalent), compared to 150-200 L/PE for single-stage
processes (Miiller-Rechberger et al., 2001). Another example o f an A-B process is the
main treatment plant o f Vienna, Austria (MTPV), which previously was an HRAS process
operated with a 1.2 day SRT and 1.5 hour HRT but now operating as an A-B process (von
der Emde, 1982). The new A-B process compared to the previous two-stage treatment at
MTPV meets the treatment goals with a low specific aeration tank volume (including
volume o f intermediate clarifiers) o f only 70 L/PE or 320,000 m 3 for the entire plant
(Wandl et al., 2006). To achieve comparable treatment efficiency with the single-stage
process, the aeration tank volume o f approximately 150 L/PE was required. By design,
MTVP can operate in either o f two modes to best achieve nitrogen removal given the
influent conditions. In Bypass mode, a fraction o f the influent can be fed directly to the Bstage, while excess sludge from the B-stage can be returned to the A-stage. The sludge
wasting is only performed in the A-stage. In Hybrid mode, wet-weather conditions trigger
shifting to the Bypass mode. In dry weather, B-stage nitrifying sludge is transferred to the
A-stage for nitrification while A-stage sludge is transferred to the B-stage providing a
carbon source for denitrification. The effluent from the B-stage clarifier is returned to the
A-stage foi^enitrification in all operational modes (Emde et al., 1992, Wandl et al., 2002).
Increased SVI and temporary loss o f nitrification was reported when the system was
operated in Bypass mode (Wandl et al., 2002).
During pilot testing at the Innsbruck treatment plant in Austria, the nitrification rates in the
B-stage were found to be 1.5-2 times more than that o f the single-stage process (Winkler et
al., 1994). The nitrogen removal performance o f the A-B process was also comparable to a
single-sludge system because o f nitrogen assimilation in the A-stage biomass.
The main treatment plant in Vienna is an example o f an A-B process with a unique method
o f operation. The effluent o f the A-stage typically contains COD/N ratios o f 5-7, which is
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often not sufficient to meet the carbon requirement for the nitrogen removal in the B-stage.
Therefore, operating the B-stage under carbon-limited conditions may require the use o f
ammonia-based aeration, simultaneous nitrification-denitrification (SND), and nitrite shunt
(proposed here) to meet effluent nitrogen limits and to avoid B-stage alkalinity limitations.

2.4 Simultaneous Nitrification-Denitrification
Simultaneous nitrification-denitrification (SND) is defined as the N fL f oxidation and
subsequent reduction to dinitrogen gas, occurring at the same time in the same reactor
without clearly defined aerobic and anoxic zones independent o f bulk DO levels.
Nitrification and denitrification in the same tank is highly desirable compared to the
conventional systems, since separate tanks and recycling o f mixed liquor containing N O 3 '
from the aerobic nitrifying zone to the anoxic denitrifying zone is not required. It also
results in more complete nitrogen removal and reduced aeration requirements (Rittmann et
al., 1985). The reactor microenvironments (aerobic and anoxic zones developing within a
reactor due to a combination o f poor mixing and reactor design) and the floe
microenvironments (anoxic zones developing within the activated sludge floes) have been
postulated as possible mechanisms for SND (Daigger et al., 2007).

It is difficult to

incorporate control strategies in the above-mentioned mechanisms to achieve stable SND
performance and nitrite-shunt. The occurrence o f SND is reported in staged, closed loop
reactors (such as oxidation ditch, orbal) (Daigger et al., 2000) that typically employ long
hydraulic residence time (HRT), solids retention time (SRT), and continuous low dissolved
oxygen (DO).
The factors that influence the occurrence o f SND have been reported as floe size, bulk DO
concentrations, and carbon supply (Pochana et al., 1999). To optimize SND the reactor
DO should be targeted to provide adequate oxygen to allow for nitrification while
maintaining low enough levels to ensure sufficient denitrification. However, at this DO
level, nitrification and denitrification rates will be lower than maximum. Optimum DO
levels for SND are reported to range from 0.5 - 1.0 mg/L, and are highly dependent on
specific operating conditions and reactor design (Liu et al., 2010, Munch et al., 1996,
Pochana et al., 1999). The influent COD/N ratio is crucial in determining the success o f a
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SND process much like conventional nitrification-denitrification.

SND is favored by

higher COD/N ratios (Chiu et al., 2007, Xia et al., 2008), however, SND results in better
nitrogen removal performance for a given COD/N ratio compared to nitrificationdenitrification processes (Bratby et al., 2012). This attribute o f SND is ideally suited for a
nitrogen removing B-stage (of A-B process) operating under carbon-limited conditions.

2.5 Alternative Biological Nitrogen Removal for High Nitrogen Sidestreams
The conventional nitrification-denitrification process for nitrogen removal is used for
treating

wastewater with

Wastewater streams

such

relatively
as

low

anaerobic

nitrogen

concentrations

(<100

digester effluent typically

mgN/L).

contain

high

concentrations o f nitrogen (>250 mgN/L) usually in the form o f NH4+. These waste
streams increase the ammonia loading to the main plant if not treated separately. The
volumetric flow o f sidestreams (e.g., effluent from dewatering o f digested sludge) is small
compared to the total inflow (< 5%), however, it may account for up to 30% o f the total
nitrogen load to the WWTP (Henze et al., 2008).
The treatment o f these high ammonia strength streams with warm temperatures (20-35 °C)
can sustain high bacterial activity. Therefore, it is possible to operate sidestream treatment
with small tanks operating at aggressive short SRTs. The ammonia load reduction with
separate treatment can improve the final effluent quality significantly (Henze et al., 2008).
The

low

COD/N

ratio

and

limited

alkalinity

makes conventional

nitrification-

denitrification extremely inefficient for sidestream application. Recently, several costeffective alternatives have emerged to treat these low COD/N waste streams.

AOB-NOB Bioaugmentation
In the context o f biological nitrogen removal, bioaugmentation refers to a transfer o f
sidestream generated nitrifying organisms (AOB and NOB) to increase nitrification
capacity o f the mainstream treatment. Typically, BNR plants are operated at longer SRTs
to account for the slower growth rates o f nitrifiers during winter months. The addition o f
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biomass enriched with nitrifiers can increase the nitrification capacity o f the mainstream
activated sludge process without extending the SRT (Head et al., 2004, Salem et al. 2004,
Lifang et al. 2012).
The transfer o f nitrifying biomass from a high-strength sidestream reactor to a low strength
mainstream reactor, such that the solids retention time required to perform nitrification is
decreased in the mainstream process was reported by Bailey et al. (2008). When the system
is operated at longer SRTs, the mixed liquor suspended solids concentration increases. To
deal with the increased solids, inventory plants are required to increase their aeration tank
and/or clarifier volume. Therefore, BNR plants incur risk o f failure or a large capital cost
for extra capacity to perform nitrification reliably during winter months. Bioagumention
offers a cost-effective alternative for winter nitrification and improved nitrogen removal
performance.
To facilitate bioaugmentation o f nitrifiers, a conventional nitrification/denitrification
process is operated as a side-stream treatment process, typically with input o f alkalinity
and supplemental carbon. However, the temperature difference between side-stream and
mainstream can exceed 20°C. Therefore, loss o f activity o f bioaugmented nitrifiers due to
temperature shock is an important consideration (Head et al., 2004).
The optimal SRT o f the bio-augmentation processes is critical for maximizing the overall
nitrogen removal efficiency. Longer SRT results in a higher nitrifying biomass enrichment
and greater nitrification efficiency o f the side-stream process. Conversely, biomass decay
also increases with increasing SRT. This could result in less active nitrifying biomass,
decreasing the desired bioaugmentation effect on the main activated sludge line (Berends
et al., 2005).

InNitri®
The aim o f the InNitri® process is to reduce mainstream aerobic SRT for cold weather
nitrification via bioaugmentation.

The InNitri® process consists o f a sidestream

nitrification system for treating high ammonia strength reject water for the enrichment o f
nitrifiers. It can use supplemental commercial ammonia to augment the reject water to
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ensure nitrifying biomass for bioaugmentation. It is typically operated at high ammonia
loading (NH 4 + concentration: 300-900 mgN/L) and temperatures around 30-35°C. Primary
effluent is fed as a carbon source.

Activated sludge from the InNitri® process is

transferred to the mainstream aeration tank as a part o f nitrifier bioaugmentation. Plants
without anaerobic digestion can still use this process with commercially available
ammonia. Since the aim is to sustain full nitrification, external alkalinity is required.
Kos (1998) proposed a short-SRT nitrification process/flowsheet as an alternative for
plants in cold regions needing an upgrade for year-round nitrification and nitrogen removal
(Figure 10). The modeling results o f this process indicated that the aerobic SRT needed for
nitrification in the mainstream could be lowered to ~5 days from 13-18 operating at 10°C
with an effluent ammonia o f 2 mgN/L.

Primary Seeding
Tank

Mainstream Biological

N itrifica tio n

Figure 10. Bioaugmentation o f sidestream generated nitrifiers to mainstream for low
temperature nitrification [After Kos (1998)]
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BABE®
BABE® or bioaugmenation batch enhanced process was developed in The Netherlands by
collaborators including the Technical University in Delft, DHV-Water consultants, and
STOWA (Zilverentant, 1999). A unique feature o f BABE® is that the mainstream RAS is
diverted to the sidestream activated sludge system for reject water treatment where the
endogenous nitrifiers are enriched at ~25°C and a high ammonia load. The RAS lowers
the temperature o f the BABE® reactor such that adaptability and survivability o f the
bioaugmented nitrifying biomass is increased in the mainstream (Bouchez et al. 2000).
The enriched nitrifiers are transferred to the mainstream process for enhanced nitrification
without extending SRT.

The BABE® reactor is operated for conventional nitrification

which requires external carbon and/or alkalinity depending on the reject water
characteristics.
Salem et al. (2004) reported 74% ammonia removal at ~16-20 °C for the first installation
o f BABE® at Garmerwolde WWTP, The Netherlands. A process train without
bioaugmention removed only half o f the ammonia that the process train with the BABE®
was able to remove at the same plant. The process train with the BABE® process was
operated at a significantly lower SRT than would be required even during colder months.
There are other process based on the idea o f nitrifiers bioaugmentation from the sidestream
to the mainstream such as MAUREEN (Constantine et al., 2005), BAR (Parker et al.,
2007), and AT-3 (Katehis et al., 2002).

N itritation -Den it ritation
Nitritation is the oxidation o f NH 4 + to NO 2 " by AOBs primarily Nitrosomonas and
Nitrosospira while nitratation is the oxidation o f NO 2 ' to NC>3 ‘ by NOBs primarily
Nitrobacter, Nitrococcus, Nitrospina, Nitrospira, Nitrotoga (Ward et al. 2011). The
principal reactions are presented in Equations 9 and 10.
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Nitritation:
NH 4+ + 1 .5 0 2 -> NO 2 + H20 + 2H +

(9)

Denitritation:
NO 2

+

0.75H+ + 0.2 5 N H / + 0.99CHsCOO ' -> 0.5N2 + O.2 5 C 5H 7O2N + H20 +
( 10)
0.99H CO i

Based on these reactions the stoichiometric oxygen and COD demand for nitritationdenitritation is 3.43 g02/g NH 4 +-N oxidized and 4.45 g acetate as COD/g N 02'-N oxidized
respectively.
The benefits o f nitritation-denitritation over conventional nitrification/denitrification
includes 25% reduction in O 2 demand, 40% reduction in carbon demand, and a reduction in
biomass. The biomass production is reduced by avoiding oxidation o f NO 2 " to N 03‘ and
the reduction o f NO 3 ' back to NO 2 '. Nitritation-denitritation requires the addition o f an
exogenous carbon source or step feeding o f a high COD waste stream to provide a carbon
source (e.g. methanol) for denitritation. The alkalinity to maintain stable pH is typically
not sufficient, however, the recovery o f alkalinity during methanol-driven denitrification
usually provides the needed pH buffer.
A number o f nitritation-denitritation processes have been developed for treating high
ammonia strength waste streams. These processes aim to stop nitrification at NO 2 ' and
then reduce NO 2 ' to N 2 via denitritation thus avoiding nitratation (NO 2 ' oxidation to NO 3 ')
and denitratation (NCb’ reduction to NCV)- One o f the most common processes is the
SHARON® (Single reactor system for High-activity Ammonia Removal over Nitrite)
process developed by Hellinga et al. (1998). It takes place in a continuous stirred tank
reactor (CSTR) with suspended biomass. The reactor is operated at temperatures between
30 and 40 °C and low sludge retention time (~HRT= SRT). In these conditions, AOB are
selectively retained while the slower growing NOB are washed out.

The low SRT

(typically < 1.5 d) and high temperatures select AOB while causing NOB to wash out
(Egli, 2003). Both nitrification and denitrification may take place in the same stirred
reactor using intermittent aeration. Nitritation-denitritation similar to SHARON® has been
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successfully demonstrated in sequencing batch reactors (SBR) with sludge retention time
(SRT) control (Fux et al., 2002). Although nitritation-denitritation is an improvement over
the conventional pathway, the discovery o f anammox provides even more opportunities to
reduce resources for biological nitrogen removal.
The STRASS process uses a high-sludge sequencing batch reactor to oxidize NH 4 + to NO 2 '
followed by reduction o f the produced NO 2 ' to N 2 gas (Wett et al., 1998). A supplemental
carbon, such as primary sludge is needed for the denitritation process. The key feature o f
the STRASS process is the highly effective intermittent aeration control systems that are
based on pH control mechanisms. The nitritation step consumes alkalinity which causes
pH to drop during aeration. As the pH drops to the low set-point, the aeration stops and
alkalinity recovers. When the pH rises to the upper pH setpoint, aeration is switched on
again resulting in a characteristic sawtooth pH profile. The frequency and length o f
aeration intervals adjusts to the laoding rate and concentrations o f sidestreams. NOB outselection is achieved by selection o f proper pH set-points, which also helps to avoid
inorganic carbon limitation.
Both the STRASS process and the SHARON process were developed around same time
and are considered to be an equivalent technology. The key difference is that the STRASS
process is operated in an SBR with sludge retention whereas the SHARON process is
operated in a chemostat without sludge retention. The SHARON process relies on a short
SRT to out-select NOB, while the STRASS process depends on pH-controlled intermittent
aeration for NOB out-selection.

Partial Nitritation and Anammox
Since its discovery in the mid-1990s (Mulder et al., 1995), anammox process has been
successfully applied to sidestream treatment. Partial nitritation plus anammox (also known
as deammonification) is a two-step process, which utilizes the symbiotic relationship o f
two genera o f bacteria, ammonia oxidizing bacteria (AOB) and anaerobic ammonia
oxidizers (AMX).
In the nitritation step, approximately half o f the NH<t+ load is oxidized to NO 2 " by AOB
while the remaining NH 4 + and the produced N 0 2 ‘ is then reduced to N 2 during the second
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step by AMX. The basic energy reaction and complete reaction for cell synthesis (11) was
first postulated by van de G raaf et al. (1996).

NH 4+ + N O f ->N 2 + H20

(11)

l.O N H f + 1.32N O i + 0.66H C O i + 0.13H+

1,02N 2 + 0.26N O i +

(12)

O.6 6 CH 2 O 0.5N 0.15 + 2.03H2O

These stoichiometric ratios (12) determined by Strous et al. (1998) are widely accepted in
literature to indicate anammox activity. For every mole o f N Fhf consumed by anammox
1.32 moles o f NO2' are consumed and 0.26 moles o f NO3' are produced. Additionally, the
anammox reaction also provides alkalinity as 0.13 moles o f H+ are consumed.
Deammonification is mediated by AOB and AMX populations, which ideally requires
complete NOB inhibition and heterotrophic denitrification is not needed. Therefore, it
theoretically can result in approximately 63% reduction in required O 2 , nearly 100% less
carbon, and 80% less biomass. Since only about half o f the influent NH 4 + is oxidized to
N O f, deammonification in sidestream may not require supplemental alkalinity.

The

stoichiometric alkalinity demand o f deammonifcation is 1.95 g o f alkalinity as CaC 0 3 per
g NFLf-N oxidized to N02'-N versus 3.9 g o f alkalinity as CaC 0 3 per g NH 4 -N oxidized to
N02'-N for complete nitrification. With typical centrate characteristics as shown in Table
2 the alkalinity is sufficient for this reaction.
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2.6 Implementation of Deammonification in Sidestream Treatment
The principal considerations for deammonification are providing the different redox
environments for both groups o f organisms (i.e., AOB and AMX) and decoupling the
solids retention time o f AMX from the AOB. In order to provide conditions which will
facilitate deammonification a variety o f reactor configurations and biomass separation
techniques have emerged. One-step (single sludge: all biological reactions take place in
one reactor) and two-step processes (two sludge: AMX and AOB reactions take place in
separate reactors) are two major alternatives. Further, AMX retention techniques and
operational strategies may differ within these reactor configurations.

Two-Step Deammonification Processes
Typically a two-step process consists o f an aerobic reactor for AOB reaction (i.e.,
nitritation) which is followed by a second reactor for anammox. The most well-known
example o f two-step process is the patented SHARON®-ANAMMOX®, where the aerated
SHARON® reactor is optimized for partial nitrification (i.e., inhibition o f NO 2 ' oxidation)
that is followed by a fully anoxic reactor for anammox. A two-stage OLAND® (oxygenlimited autotrophic nitrification-denitrification) process is another example o f two-step
configuration. A summary o f processes using the two-step approach can be seen in Table
3. The first reactor in a two-step process is typically operated with the goal to achieve 55%
conversion o f N H / to NO 2 " and the consumption o f the remaining N H 4 + and NO 2 ' is
targeted in the subsequent anammox reactor. Ideally, the goal o f the nitritation reactor is to
provide a stoichiometric ratio o f NO 2 ': N B f o f 1.3 for the anammox reaction without
producing any NO 3 " . Therefore, it is crucial to inhibit NO 2 ' oxidation by suppressing NOB
activity in the nitritation reactor. The most common measures o f NOB suppression are DO
manipulation, inhibitory chemicals, and short SRTs; however, when all these are used in
conjunction the relative influence o f one particular factor it is difficult to distinguish and
remains a topic o f research.
The AMX process requires a ratio o f N O 2 ': NH 4 + o f 1.3. Providing more NO 2 ' to the
system results in N O 2 " accumulation which may inhibit AMX. Therefore, it is critical to
maintain the proper ratio o f the AMX substrates in the two-step processes.

Further,
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sufficient mixing conditions should be maintained to prevent localized elevated
concentrations o f substrates especially at the influent to the anammox reactor which could
potentially be inhibitory. Waste stream characteristics dictate the techniques to ensure
proper ratio o f NO 2 ': NH 4 +. For example, typical centrate stream contains the alkalinity:
N H 4+ ratio that is only sufficient to support -5 0 % o f the nitritation process, which roughly
maintains the desired N O 2 ': NH 4 + ratio. Other waste streams rely on bypassing influent
flow to the anammox reactor to maintain the proper ratio.
Sufficient

AMX

biomass

retention

is

the

deammonification in the two-step process.

most

important

criteria

to

sustain

Recently, to achieve the retention o f AMX

biomass, techniques involving wasting through hydrocyclone, fixed film media, and other
selective biomass retention devices have been used. The fixed film media and granular
sludge in an upflow reactor are commonly used for the final anammox step in a two-step
process (Table 3).

Table 3. Word-wide full-scale two-step deammonification installations for reject water
treatment (after Lackner et al., 2014)
Location

Fulda Glaserzell,

Year

Size

N load

m3

kgN/d

2008

Process
kgN/m3/ d

150-200

Terrana®

Germany
Landshut, Germany

2010

210/210

340

Terrana®

Rheda Wiedenbruck,

2007

3700

1400

PANDA+

2002

1500/72

500

Germany
Rotterdam, The
Netherlands

SHARON®/
ANAMMOX®

Hattingen, Germany

2003

104/2x67

Oslo/Bekkelaget,

2011

2x328/328

Norway

0.3(10)

MBBR
710

MBBR
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One Step Deammonification Process
The challenges o f the one-step approach for deammonification is relatively different from
two-step processes. Combining the steps in a one-reactor system significantly lowers the
investment costs and avoids the difficulty to control two reactors. Further, preliminary full
scale investigations showed that one-stage autotrophic nitrogen removal emits less o f the
environmentally

harmful

nitric

and

nitrous

oxides

than

the

two-stage

process

(Kampschreur et al., 2008). Since, AMX and AOB grow in the same reactor continuous or
sometimes intermittent aeration is required.
The reversible inhibition o f AMX at high DO concentrations (>0.4 mg/L) has been well
documented in literature. Therefore, the key is to provide sufficient DO concentrations to
allow AOB reaction while avoiding DO inhibition o f AMX. The AMX stoichiometric ratio
o f N02": NH4+ o f 1.3, which also requires inhibition o f N O 2 'oxidation, is maintained in the
one-step process through strategies which control air flow, pH, and SRT. However, more
importantly, since both the AMX and AOB biomass are located in the same reactor,
decoupling o f the two populations’ SRT becomes the major challenge for the success o f
the one step process.

To address challenges associated with separating SRTs, three

configurations have been developed to achieve one-step deammonification.

SBR with Hydrocyclone
Although there are a number o f SBR based technologies for one step deammonification,
the DEMON® system is the only one to use hydrocyclones for selective wasting and
retention o f AMX biomass. The world-wide installations o f DEMON® in the capacity o f
sidestream treatment for reject water can be seen in Table 4. In an SBR, slow growing
AMX forms granules and faster growing AOB inhabit the floes. The aeration to provide
appropriate DO levels in the reactor is controlled to produce sufficient NO 2 ' by AOB,
while aeration is terminated to provide anoxic environment for AMX. The control of
aeration duration and DO levels is important to ensure proper AOB and anammox activity.
DEMON® systems are operated at DO concentrations o f 0.2-0.3 mg O 2 /L during aerated
periods (Wett, 2007). To prevent excessive inhibition o f AMX activity, low DO levels are
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preferred. This also ensures quicker transitions to anoxia at the end o f aerobic periods thus
providing a truly anoxic environment for optimum AMX activity.
Successful operation o f DEMON® depends on the aeration level, DO control, and de
coupling o f AOB and AMX SRTs. The target SRT for AMX is greater than 30 days
whereas AOB SRT is maintained at 5-6 days.

This is made possible by the use o f

hydrocyclones which promote granulation o f AMX and achieve biomass separation. The
heavier granules with AMX are retained in the underflow o f the cyclone and returned back
to the process, while the lighter floe containing AOB, NOB, heterotrophs, and debris are
wasted in the overflow. The SRT o f the floe phase is maintained with the consideration o f
selecting AOB while washing out the undesired NOB. Therefore, proper SRT control plays
an important role in preventing NOB growth as well as determining overall nitrogen
removal performance o f the DEMON® process. NOB suppression in the sidestream
DEMON® process is also favored by the high temperatures, typically around 30-35°C. At
these temperatures AOB are postulated to grow faster than the NOB (Hellinga et al., 1998).
Further, AMX are also close to their optimum activity which provides N O 2 ' competition
for NOB.
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Table 4. Word-wide full-scale DEMON® installations for reject water treatment (modified
after Lackner et al., 2014)
Location
Alexandria, USA

Year
in construction

Size
m3
3000

N load
kgN/d
1282

Amersfoort, Netherlands

600

Apeldoorn, Netherlands

1690

Bad Sobernheim, Germany
Balingen, Germany

2009

2x180

200

705

120

KgN/m3/d
0.42

0.66

100

Bickenbach, Germany
Bilten, Switzerland
Blue Plains, USA

in design

22000

9072

0.58

Breda, Netherlands

2013

1000

990

0.99

Dietikon, Switzerland
Eisenhuttenstadt, Germany

2013

Erpfendorf, Germany

120

Gengenbach, Germany

2008

Glamerland, Switzerland

2006

Guelph, Canada

in design

Heidelberg, Switzerland

2008

50
400

250

2x550

330 (480)

Helsinki, Finland

0.4

250

Hema, Germany

2014

Kaster, Germany

2013

110
2x150

100

Kecskemet, Turkey

1300

Kokkola, Finland

600

Lahr, Germany

2011

Limmattal, Switzerland

2010

Neumarkt, Germany

2011

400

235

150

250
0.92

Nieuwegein, Netherlands

450

Michelstadt, Germany
Philidelphia, USA

in design

Pierce County, USA

in design

Plettenberg, Germany

2008

134

100

0.5
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Pustertal, Italy

2012

Strass, Austria

2004

500

300

0.6

Thun, Switzerland

2008

606

400

0.67

York River, USA

2012

1000

Zalaegerszeg, Hungary

2010

160

500

Moving-Bed Biofilm Reactor (MBBR)
Moving-bed biofilm reactorsare continuous operation systems, which provide no control o f
biomass wasting. In an MBBR system, carrier media provides the surface area for slowgrowing organisms (e.g., AMX) to adhere. The bacterial growth takes place in the form o f
a biofilm which attaches to the support media. The biofilm after sufficient growth provides
substrate gradients for the organism residing at different layers within the biofilm. AMX,
which grow slower and are inhibited by high levels o f DO, are found in the deeper anoxic
layers o f the biofilm while the aerobic AOB are found on the outer layers. Since NO 2 ' is
produced by the AOB in the biofilm, it can penetrate the biofilm deeper than oxygen thus
providing substrate for AMX.
The support media also provides a zone o f growth competition between AOB and NOB
and is considered a major concern in MBBR configurations (Pellicer-Nacher et al., 2010).
The aeration and DO control play an important role in preventing NOB activity in MBBRs.
Currently there are two major MBBR deammonification systems; Veolia-AnoxKaldnes
ANITAMox™, and DeAmmon® process. Their status in terms o f world-wide installations
to treat reject water can be seen in Table 5.
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Table 5. Installation o f MBBR based deammonification systems world-wide for reject
water treatment (modified after Lackner et al., 2014)
Location

Year

Malmo, Sweden*

2011

Size
m3
4x50

N load
kgN/d
200

Vaxjo, Sweden*

2011

300

320/430

James River, USA*

2013

393

253

0.63

South Durham, USA*

in construction

318

303

0.95

Holbask, Denmark*

2012

600

120

Grindsted, Denmark*

2013

140

100

Hattingen, Germany**

2003

230

120(180)

Dalian XiaJiaHe, China**

2009

Stockholm, SE**

2007

kg N /m3/ d

0.5

2200
1400

600

0.3

* ANITA Mox™
**DeAmmon®

Granular Sludge
Like the SBRs, there are other granular sludge systems that rely on the formation o f AMX
granules as the main separation mechanism for AMX retention. Completely autotrophic
nitrogen-removal over nitrite (CANON®) (Strous 2000, Third et al., 2001, Sliekers et al.
2002) and ANAMMOX® are two schemes based on upflow reactor technology for
granulation. These systems are continuously fed from the bottom o f the reactor. Biomass
retention occurs as the effluent is drawn from the top while the reactor is continuously
aerated. The world-wide installations o f ANAMMOX®, which is marketed by Paques o f
The Netherlands to treat reject water, is shown in Table 6.
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Table 6. Installation o f ANAMMOX® systems world-wide for reject water treatment (after
Lackner et al., 2014)
Location

Year

Minworth, UK

2011

Stoke Bardolph, UK

Size
m3
1760

N load
kgN/d
4000

kgN/m3/ d

in construction

3000

2

Tilburg, Netherlands

in construction

2000

2

Zwolle, Netherlands

2010

425

600

2.7 Worldwide Status of Sidestream Deammonification
Historically, the low-risk wastewater industry has been very slow to implement innovative
technologies at the full-scale application (Parker, 2000). In context the development o f
deammonification based technologies since the discovery o f anammox in mid-1990s and
the worldwide adoption at the full-scale level has been a notable trend. Culmination o f
better research/tools, faster dissemination o f findings, perception o f investment in research
and development as profitable in a long-term, better sensor and operational controls make
innovative technologies such as deammonification feasible. Further, increasingly stringent
nitrogen limits and the cost o f energy for wastewater treatment might be responsible for
faster adoption rates. This trend can be seen in (Figure 11), which clearly shows the rapid
rate o f publication and full-scale implementation o f anammox based technologies after
discovery o f the bacteria. However, in United States the rate o f scientific research and fullscale installations have been much slower (Figure 12). In fact, the first installation was in
2012 at HRSD’s York River WWTP, which was almost a decade after the first publication
related to the use o f anammox bacteria for wastewater treatment. It highlights that the US
wastewater industry tends to be even more conservative when it comes to implementation
o f novel technologies. However, there were an additional 8 sidestream deammonification
installations planned in 2013, which highlights the recent sense o f urgency among utilities
to adopt energy efficient technologies to meet their nitrogen removal goals.
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Worldwide, the treatment o f high-ammonia strength waste streams with deammonification
is gaining popularity with close to 100 full-scale installations planned for 2014 (Lackner et
al., 2014). The findings o f a recent survey by Lackner shows that 50% o f all installations
were based on SBRs and 88% o f them were operated as single-stage systems, while the
majority (-75% ) were being operated at municipal wastewater treatment plants.
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Figure 11. Cumulative full-scale installations o f deammonification based technologies
(including plants under design/construction) and the number o f scientific publications on
the topic o f anammox/deammonification (based on the results returned by Web o f Science
and Scopus repositories on 10/24/2013). Adopted directly from Lackner et al. (2014).
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Figure 12. Cumulative full-scale installations o f deammonification based technologies (7
plants under design/construction and 2 operational) and the number o f scientific
publications on the topic o f anammox/deammonification (based on the results returned by
Web o f Science from 2003-2013 on 2/27/2014) in the United Sates.

2.8 Comparison of Alternative Pathways of Biological Nitrogen Removal
The high cost o f the conventional nitrification-denitrification pathway for nitrogen removal
has resulted in alternatives being explored. These alternatives are the nascent stage of
development, however, promise efficiency and low environmental impact. The summary
o f these alternatives compared to the conventional systems is presented in Table 7.
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Table 7. Important considerations o f conventional and alternative nitrogen removal
processes.
__________ ____________
_______________________________

Target organisms
Oxygen demand (g02/gN)‘
COD needed without
assimilation (gCOD/gN)“
COD needed with
assimilation (gCOD/gN)**
Sludge production
(gVSS/gN)***
Alkalinity consumption
(gC aC 03/gN)*
Application status
*Ahn et al. (2006)
“ van Hulle et al. (2010)
“ ‘Mulder etal.(2 0 0 3 )
N/R: Not reported

NitrificationDenitrification
AOB, NOB,
denitrifiers
4.18

NitritationDenitritation
AOB, denitrifiers

Partial nitritationAnammox
AOB, AMX

3.16

1.94

2.86

1.72

0

4.0

2.4

0

1

N/R

0.1

7.07/-3.57

7.07/-3.57

3.68

Established

Full-scale plants

Full-scale
sidestream only
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The resource savings (i.e., oxygen and carbon) associated with nitritation-denitritation and
anammox over conventional nitrification/denitrification are provided in Table 8.

Table 8. Relative oxygen demand, COD demand, alkalinity consumption and biomass
production

of

nitritation-denitritation,

partial

nitritation-anammox

compared

conventional nitrification-denitrification
Process
Conventional
NitrificationDenitrification
Nitritation-Denitritation*
Partial (50%) nitritationanammox**
*Turk et al. (1986)
“ Mulder et al. (2003)

Oxygen
demand
100%

COD
demand
100%

Alkalinity
consumption
100%

Biomass
production
100%

75%

40%

100%

60%

37%

~0

~0

20%

to
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The implementation o f partial deammonification for mainstream treatment could
potentially turn the energy consuming wastewater treatment plant into energy producing
one as seen in Table 9.

Table 9. Oxygen consumption and energy balances for selected wastewater treatment
variations. Case A: Conventional treatment; Case B: Conventional treatment with
anammox used for treatment o f digester effluent; Case C: Optimized treatment, with
anammox for mainstream treatment (Kartal et al., 2010).
Oxygen and energy need
Aeration for COD removal
Aeration for nitrogen removal*
Pumping and mixing energy
Methane-COD and electrical
energy production from biogas
Net energy

Mass Flux (g p - 'd 1)
Case B
Case A
30
40
22
22
40
30
-

-

Case C
15
16
55

Energy (Wh p^d"1)
Case A
Case B
-40
-30
-22
-22
-20
-20
+38
+51

Case C
-15
-16
-15**
+70

-

-44

+24

‘Nitrate effluent for cases A and B: 2.5 g p ^ d '1; for case C: 1.1 g p ^ d '1
“ Lower because o f recirculating flows

-21
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2.9 Microbial Protagonists of Biological Nitrogen Removal
In biological nitrogen removal, four important functions are linked to four groups o f
bacteria which gain energy from oxidation and/or reduction o f a specific nitrogen
compound. Nitritation is performed by autotrophic aerobic ammonia oxidizing bacteria
(AOB), and nitratation by autotrophic nitrite oxidizing bacteria (NOB). Further,
heterotrophic denitratation (reduction o f N O 3 ' to NO 2 ') and subsequently denitritation
(reduction o f NO 2 ' to N 2 gas) is performed by denitrifiers. The anoxic ammonium
oxidation or anammox (Mulder et al., 1995) is performed by autotrophic, anoxic
ammonium-oxidizing bacteria (AMX) (van de G raaf et al., 1996). AMX rely on AOB to
oxidize NH 4 + to produce N 02‘ which is their other substrate. In this study we will focus
more on the NOB and AMX as they are the organisms o f interest. The former for outselection and latter for retention.

AOB
AOB catalyze the conversion o f ammonia into nitrite (nitritation). The catabolic reaction
(AG°’ = -2 3 5 kJ/mol) consists o f two sequential oxidation steps (Kowalchuk et al., 2001,
Bock et al., 2006): First ammonia (NH 3 ) is oxidized to hydroxylamine (NH 2 OH) with the
membrane bound enzyme ammonia monooxygenase (AMO). The second step involves the
oxidation o f NH 2 OH to NO 2' with the periplasmic enzyme hydroxylamine oxidoreductase
(HAO), and provides the two reducing equivalents needed for the first step (Equation 13).
The two other produced electrons are passed via an electron transport chain to the terminal
oxidase, thereby generating a proton motive force.

NHs + O 2 + 2H ++ 2e -> NH 2 O H + H20

N O f + 5H + + 4e

(13)

The taxonomy o f AOB is based on ribosomal sequencing and comparative genomics (Horn
et al. 1997). Nitrosomonas are commonly found in wastewater treatment plants and as a
result have been widely studied. Nitrosospira and Nitrosococcus are mostly found in soils
as well as marine and freshwater systems. Nitrosospira have been identified in colder
wastewater temperatures with higher DO saturation (Ward, 2011).
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AOB are primarily obligate aerobic chemoautotrophs. AOB exclusively use NH 3 as the
sole electron donor for energy and inorganic carbon (IC) as their carbon source and are
unable to oxidize NH/t+ (pKa o f 9.25 at 25°C). At lower pH conditions the protonated
form is the dominant species. Further,. NH 4 + oxidation causes pH to decrease due to the
release o f H+ which results in a reduction o f N H 3 for the AMO enzyme driven reaction
(Ward et al., 2011, Lauchnor 2011). The reduction in pH has been linked to partial
inhibition due to limited availability o f substrate. Furthermore, low pH is also inhibitory
due to other physiological factors.
The optimum pH range for nitritation is perceived to be between 7 and 8 (Suzuki 1974,
Tchobanoglous et al., 2003).

However, more recent studies have shown that certain

species o f AOB may maintain higher activity rates in more acidic environments (Tarre et
al., 2004).
Even the fastest growing AOB (Nitrosomonas europaea/eutropha) have a doubling time o f
approximately 8 hours or a maximum specific growth rate

( p max)

o f 2 day"1(Siripong et al.,

2007) which is significantly slower than heterotrophs that dominate the bacteria population
in activated sludge. Nitrosospira have a pmax ranging from 0.70- 0.9 day"1 (Siripong et al.,
2007). Temperature plays a vital role in selection o f AOB species with different growth
rates. At high temperatures Nitrosomonas could double twice as fast as Nitrososopira
which results in Nitrosomonas being more dominant.

At low temperatures, however,

growth rates o f these species are closer which prevents out-selection o f Nitrososopira by
Nitrosomonas.
The nitrifier biomass fraction, in particular AOB, is a relatively small portion o f the total
biomass population in aerobic reactors (Dytczak et al. 2008). This is a result o f slow
growth rates and the ratio o f COD/NH 4 + in the wastewater, which is typically greater than
10. In addition, AOB are prone to washout caused by seasonal changes in temperature,
inhibitory compounds in wastewater, and shifts in pH. Traditionally, AOB are considered
the most sensitive bacteria in activated sludge systems for biological nitrogen removal.
Therefore, these nitrogen removal systems are typically designed with large factors o f
safety to account for the sensitivity o f this important but fragile microbial population.
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NOB
Although AOB and NOB share a synergistic relationship, NOB have not been as
extensively studied as AOB (Ward et al., 2011). Historically, Nitrobacter have been
considered the model NOB which might be due to the relative ease to culture and study it
over other species in the laboratory. Recent studies indicate Nitrospira as the dominant
NOB species in wastewater systems (Siripong et al., 2007, Starkenburg, 2007, Ward et al.
2 0 1 1).

Nitrite oxidation (AG°’ = -5 4 kJ/mol) involves the enzyme nitrite oxidoreductase (NOR)
that delivers two electrons to the NOB which are transferred to oxygen with a terminal
oxidase (Bock et al., 2006). NO 2 ' is oxidized to N 0 3 ‘ by nitrite oxidoreductase (NXR)
according to the reaction in Equation 14 (Starkenburg, 2007).

N O f + H 2 O N O 3- + 2 H + + 2e

(14)

NOB are considered chemolithoautotrophic bacteria, which oxidize NO 2 ' for growth and
energy and fix CO 2 through the Calvin cycle for biosynthesis. However, there are some
NOB species capable o f mixotrophic growth on both N 0 2'and organic energy donors.
NO 2 ' rarely accumulates in the natural environment as result o f a symbiotic relationship
between AOB and NOB, which is the basis for biological nitrification-denitrification
processes. AOB produces N O ? ', a substrate for NOB and by consuming this substrate,
NOB prevents buildup o f NO 2 ' which could potentially be inhibitory to AOB. NOB are
present in variety o f natural environments ranging from fresh water, marine environments,
and soils although dominant species may differ.
NOB are reported to grow optimally at temperatures between 25 and 30 °C. Usually, NOB
diversity increases at low wastewater temperatures. During the winter, AOB growth rates
decrease more than NOB growth rates which increases the N OB’s ability to compete for
DO against AOB. Nitrobacter and Nitrospira grow optimally at pH o f 7.8 and 8,
respectively (Blackburne et al. 2007).
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The two most abundant genera o f NOB, Nitrobacter and Nitrospira, exhibit different
affinities for dissolved oxygen and NO 2 ' concentrations as well as preference o f wastewater
temperatures. These differences are often the focus o f the research to better understand
how to control NOB population in different operating and environmental conditions.
Nitrous acid (HNO 2 ) is inhibitory to NOB. The concentration o f HNO 2 increases as pH
falls (pKa = 3.398 at 20°C) value and it decreases as the pH rises. Therefore, NC>2 ‘
accumulation at lower pH creates toxic conditions for NOB.

NOB Population Dynamics
The K/r classification is often used to describe competitive abilities o f microorganisms. Kstrategists are able to survive longer periods o f starvation since they are slower growing
and have high affinity for substrates. K-strategist organisms tend to survive better at high
temperatures than their r-strategist counterparts. Alternatively r-strategist micro-organisms
thrive only when high concentrations o f substrate are available (low affinity to the
substrate) but are relatively fast growers.
Presently, NOB are classified into four lineages: Nitrobacter, Nitrospina, Nitrococcus and
Nitrospira that are members o f the Alpha-, Delta- and Gammaproteobacteria (Teske et al.,
1994) and the phylum Nitrospireae, respectively. Nitrobacter is easy to culture and is the
most common NOB to be isolated, which made it the primary model organism for studying
NO 2 ' oxidation and established Nitrobacter as the key NOB in wastewater treatment plants
(Grady et al., 1980). However, over the last decade, this notion has been challenged when
no Nitrobacter related organisms were detected in nitrifying activated sludge samples by
fluorescence in-situ hybridization (FISH) with rRNA-targeted oligonucleotide probes
specific for the genus Nitrobacter (Wagner et al., 1996). In a non-culture based approach, it
was further indicated that Nitrospira, not Nitrobacter, was the numerically dominant
lineage in many wastewater treatment systems (Juretschko et al., 1998, Schramm et al.,
1998, Daims et al., 2000, Daims et al., 2001). Despite the numerical dominance of
Nitrospira in many ecosystems, Nitrobacter has subsequently been detected and isolated in
wastewater (Bartosch et al., 2002, Moussa et al., 2006, Matsumoto et al., 2007) and recent
investigations have indicated that Nitrobacter may have a selective advantage over
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Nitrospira under high NO 2 ' loads (Daims et al., 2001, Bartosch et al., 2002), high oxygen
tension (Matsumoto et al., 2007) and salt stress (Moussa et al., 2006).
Experimental determination o f substrate affinities and growth rates o f NOB are shown in
Table 10.

Table 10. Substrate affinities reported for Nitrospira and Nitrobacter in literature.
NOB

Strategy

Ks>m gN O f-N /L

K0,

mg

(J-max, h

bmax, d '

0 2 /L 0 2/L )
Nitrospira

K (slow)

0.14'
0.11-0.5503
0.256

0.133
0.473
0.43±0.086

N.R.

0.14 —0.154

Nitrobacter

r (fast)

7.0'
9.88-17.362
1.49s
0.396

1.98'
0 .1 7 - 4 .3 2 2
0.54 ± 0.146

0.02s

0.07s

'(Schramm et al., 1999)
2(Laanbroek et al. 1994)
3(Manser et al. 2005)
4(Manser et al. 2006)
5(Vadivelu, 2006)
6(Blackburne et al. 2007)
N.R.fNot reported

In a study, Kim et al. (2006) demonstrated that in a continuous biofilm airlift reactor when
NO 2 ' concentration was maintained very low, Nitrospira accounted as a dominant NOB
while Nitrobacter was merely a small fraction o f total bacteria. In contrast, in a sequencing
batch reactor (SBR) where nitrite concentration was relatively high, it was Nitrobacter that
was dominant NOB while Nitrospira was less prevalent. Further, the specific activity o f
Nitrobacter (93.8 mgN/gNOB.hr) was found to be greater than that o f Nitrospira (10.5
mgN/gNOB.hr), thus strengthening the K/r hypothesis that Nitrospira is a K-strategist
while Nitrobacter is an r-strategist. Fundamental characteristics for each type o f nitrifying
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bacteria lineage are not completely understood, even though these differences can have a
significant impact on the success or failure o f nitrifying systems.

Anammox Bacteria
In 1977, the possibility o f N H /f oxidation with NO 2 ' or NCb’ as an electron acceptor was
predicted by Engelbert Broda on thermodynamic and evolutionary grounds (van der Star,
2008). This prediction was turned into reality as Strous et al. (1999) discovered a bacteria
of the order Planctomycetales which are capable o f anaerobic ammonium oxidation, now
referred to as anammox bacteria (AMX). With the discovery o f anammox bacteria, several
wastewater treatment processes have been developed to exploit this unique and efficient
pathway for nitrogen removal. So far, these new technologies have been applied to highammonia strength streams often as sidestream treatment processes (Horn et al. 1997,
Strous et al. 1997, Toh et al. 2002, Schmidt et al. 2003, Wett 2007, Van der Star et al.
2007).
AMX catabolism (AG°’ = -3 5 8 kJ/mol) has not been fully revealed yet (Equation 15).
Previously, hydroxylamine (NH 2 OH) and hydrazine (N 2 H 4 ) were hypothesized to be
intermediates (Jetten et al., 2001), but more recently the involvement o f nitric oxide (NO)
and hydrazine has been put forward (Strous et al., 2006, Kartal, 2008a). The autotrophic
anammox process uses HCO 3 ' as the carbon source for anabolism (Equation 16). The
oxidation o f N O 2 ' to NCb" generates the electron that is required for the HCO 3 ' reduction
process (van de G raff et al., 1996). When catabolism and anabolism are combined using a
yield o f carbonate on NH 4 + (0.066 mol C/mol NH4+, Strous et al., 1998) Equation 17 can
be derived. The experimentally-found stoichiometry by Strous et al. (1998) (in
Equation 18) is in close agreement with stoichiometry o f Equation 17.
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Catabolism:
N O f + N H 4+

N 2 + U20

^

CHi.aOo.s N 0 .2 +2 . 1 N O f+ 0 . 4 H2O

( , 6)

Anabolism:
H CO i+2.1 N O f + 0.2NH 4 ++0.8 H +

Combined:
lN H 4 ++0.0 6 6 HCO 3-+1.13 N O f+ 0.053H +-> 0.99N2+0.066CH,.sOo.s N 0.2+0.14NO f

^ ^

+2.00H20

Experimental Stoichiometry by Strous et al. (1998):
lN H 4 ++0. 0 6 6 HCO 3 -+I . 3 2 N O f+ 0.13H +

1 .02N 2 +0. 066CH,.8Oo.5 No.2+ 0.26N O f

(18)

+2.03H2O

The growth as well as decay rates associated with anammox metabolism are significantly
lower than nitrifying bacteria, which are historically known for slower growth rates. The
energy gained during anammox catabolism (calculated per mole o f electrons) is similar to
the nitrification, however AMX has extremely slower growth rates. Suboptimal growth
conditions during enrichment in the cultivation systems and/or intrinsically low conversion
rate o f NH 4 + and NO 2 ' have been put forward as an explanation for slower AMX growth
rates (van der Star, 2008).
The majority o f AMX research has been conducted at 30 to 35 °C.

Typically, AMX

requires 5-10 times the SRT that is required by AOB in wastewater treatment systems.
The doubling times for AMX have been reported between 11 and 19 days (Mulder et al.,
1995, Strous et al., 1998, Schmidt et al., 2003, Dapena-Mora et al., 2007). The slower
growth o f AMX compared to AOB requires separation o f SRTs for these populations in
deammonification systems. On average AMX maximum specific growth rates (0.05-0.09
day‘1: Strous et al., 1999, van der Star et al., 2008, Ward et al., 2011) are 10 times slower
than that o f AOB (0.9 to 1.2 day-1: d ay ^S in et al., 2008). The anoxic decay rates o f AMX
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(0.008 day'1) are 25 times slower than aerobic decay rates o f AOB (0.2 day'1) at 20°C
(Udert et al., 2008).
AMX have been identified to grow in different environmental niches. A summary o f genus
and species o f AMX that have been reported in the literature is presented in Table 11. The
characteristics o f each o f these groups is still unclear. It has been found that specific genera
have dominated the community in each environment that they have been identified, which
is an indication that these genera have adapted to distinct environmental niches (Boumann
et al., 2009).

Table 11. Species o f AMX discovered to date (Kumar et al., 2010).
Genus

Scalindua

Brocadia

Kuenenia

Jettenia

Anammoxoglobus

Species

Origin

Candidatus
“Scalindua
sorokinii”
Candidatus
“Scalindua brodae”

Seawater (Black
Sea)

Candidatus
“Scalindua
wagneri”
Candidatus
“Scalindua
Arabica”
Candidatus
Brocadia
anammoxidans
Candidatus
“Brocadia fulgida”
Candidatus
“Kuenenia
stuttgartiensis”
Candidatus
“Jettenia asiatica”
Candidatus
“Anammoxoglobus
propionicus”

Reference
Kuypers et al.
(2003)

Wastewater (landfill
leachate)

Schmid et al.
(2003)

Wastewater (landfill
leachate)

Schmid et al.
(2003)

Seawater (Black sea,
Namibia, Peru and
Arabian sea)

Woebken et al.
(2008)

Wastewater
(Denitrifying pilotplant)
Wastewater
(anammox reactor)

Strous et al.
(1999)
Kartal et al.
(2004)

Wastewater
(nitrifying plant)

Schmid et al.
(2000)

Wastewater
(granular anammox
reactor)
Wastewater
(Dokhaven WWTP,
Rotterdam, NL)

Quan et al.
(2008)
Kartal et al.
(2007)
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NO 2 Inhibition
The unionized HNO 2 has been shown to cause inhibition o f AOB and NOB above certain
concentrations causes. However, high levels o f anion NO 2 ' has been shown to be inhibitory
to AMX (Strous et al., 1999, Lotti et al., 2012), which is also the primary substrate for
AMX metabolism. Reports on the level o f NC>2 ‘ that is inhibitory to AMX vary over a wide
range. Further, the exposure time and inhibitory effects also vary for different biomass
niches such as granules, biofilm, and suspended floes.
Strous et al. (1999) found that the anammox process was completely inhibited at
concentrations more than 100 mgN02 -N/L. Similarly, a long term exposure at 40 mgNCh'N over several days led to inactivation o f AMX (Fux, 2003). Egli et al. (2001) showed that
the anammox process was only inhibited at concentrations higher than 182 mgNCh'-N/L.
These experiments were conducted with Candidatus “Kuenenia stuttgartiensis” whereas
inhibition experiments performed by Strous et al. (1999) were with Candidatus “Brocadia
anammoxidans”. This illustrates a notable difference in tolerance forN C V among different
AMX genera. Strous also showed that increasing the NO 2 ' concentration changed the
stoichiometry ratio o f NH4+ consumption: NO 2 ' consumption from 1.3 gN02 -N/gNH 4 +-N
at 0.14 gN02'-N/L to almost 4 gN02'-N/gNH4+-N at 0.7 gNCh'-N/L. The change in the
stoichiometric ratio was attributed to generation internal electron donor to reduce N O 2 ' by
AMX under these conditions.
To elucidate inhibitory effects o f N O 2 ' on AMX, Lotti et al. (2012) conducted a study with
biomass consisting o f a “Brocadia” enrichment which showed a total recovery from AMX
inhibition after exposure at 400 mgNCh'-N/L. It was also shown that longer exposure times
and high NO 2 'concentrations increased the degree o f inhibition. Further, it was argued that
reports o f N O 2 " accumulation could be the result o f loss o f activity rather than the cause.
This study showed that the anammox process can be resilient against temporary adverse
effects o f NO 2 ' accumulation. Strous et al. (1999) demonstrated recovery from complete
inhibition with the addition o f hydrazine and/or hydroxylamine. The exact mechanism o f
NO 2 ' inhibition on AMX still remains unclear.
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Dissolved Oxygen
In spite o f having catalase and siperoxide dismutase (Strous, 2000), AMX exhibit
inhibition at DO concentration above 0.01 mg/L (van de G raaf et al., 1996). From the
intermittent oxygen supply experiments conducted by Strous et al. (1997) it was made
clear that DO inhibition on AMX is reversible. The reversible nature o f DO inhibition on
AMX makes the partial nitritation-anammox in a single reactor possible. However, the
operating DO should be maintained to allow both AOB and AMX to grow optimally.
Higher DO favors NOB in a single stage deammonification process (Henze, 2000,
Starkenburg, 2007, De Clippeleir et al., 2009, Huang et al., 2010) which could compete
with AMX for NO 2 '. This could be another reason to keep the DO at the lowest possible
level for AOB growth.

Operational Temperatures o f Anammox
AMX has been identified within wide temperature ranges in the natural environment [-2 to
30 °C, (Dalsgaard et al., 2002, Rysgaard et al., 2004)]. In each o f the microbial
communities studied different optimum temperatures and different tolerances in different
temperature ranges was observed. However, the accepted optimum temperature for
sidestream AMX is between 30-40°C (van Dongen et al., 2001, Guo et al. 2010).
Vlaeminck et al. (2009) showed successful AMX operation at 25°C in high-strength
bench-scale reactors. Additionally batch reactors have been successfully operated at
sustained low temperatures o f 18°C and 20-22°C (Isaka et al., 2007, Cema et al., 2007,
Guo et al., 2010, Hendrickx 2012).
Temperatures above 45° are detrimental to AMX activity (Dosta et al. 2008). It has also
been verified

that extreme temperature

shifts negatively

impact AMX

activity

(Szatkowska, 2006, Dosta et al. 2008). Considering that Strous et al. (1997) reported
optimum temperatures o f 43°C, there is a small window between optimum and detrimental
temperatures. AMX has not only been found in low temperature marine sediments but
found to thrive at these low temperatures; therefore, it may be possible to successfully treat
low-temperature wastewaters with AMX. If AMX can be harnessed at low temperatures in
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wastewater treatment, then mainstream AMX can be a reality. Recently, partial nitritationanammox was demonstrated in a RBC at 15 °C (De Clippeleir et al., 2013) and in an SBR
at 12 °C (Hu et al., 2013). However, both studies relied on prior enrichment o f AMX with
high-strength ammonia wastewater at high temperature.

Alternate metabolic pathways
In addition to the conversion o f NH 4 + and NCh', the anammox genera “Brocadia”,
“Anammoxoglobus” and “Kuenenia” are also capable o f co-metabolizing the fatty acids
such as propionate, acetate and formate (Giiven et al., 2005, Kartal et al., 2007, Kartal et
al., 2008b). The reduction o f N O 3 ' via N O 2 ' to N H 4 + is coupled with the oxidation o f fatty
acids to CO 2 (Kartal et al., 2007). Therefore, AMX are capable o f producing their own
substrate to perform the catabolism reaction. However, whether the amount o f energy from
the conversion o f N O 3 ' to NH4+ that would be available for additional catabolism is
unknown. The fatty acids are completely converted to CO 2 without being incorporated into
biomass (Kartal et al., 2007, Kartal et al., 2008b). Considering AMX perform the energyexpensive C02-fixation via acetate, this is a puzzling characteristic o f AMX still to be
understood. Furthermore, Candidatus “Kuenenia stuttgartiensis” has demonstrated a
capability to oxidize Fe2+ to Fe3+ with NO 3 ' as electron acceptor and the ability to reduce
Fe3+ to Fe2+ as well as Mn4+ to Mn2+ with formate as the electron donor (Strous et al.
2006). The metabolic function and actual growth o f AMX on these substrates remains
unknown.
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2.10 Suppression of Nitrite Oxidation for Shortcut Biological Nitrogen Removal
The suppression o f nitrite oxidation by out-selection o f nitrite oxidizing bacteria (NOB
out-selection) is a precondition for the implementation o f shortcut biological nitrogen
removal processes such as nitritation-denitritation (Yoo et al., 1999, Yu et al., 2000,
Ciudad et al., 2005, Gee et al., 2004, Ju et al., 2007, Zeng et al., 2008) and partial
nitritation-anammox (Hippen et al., 1997, van Dongen et al., 2000, Fux et al., 2002, Wett,
2006, Wett, 2007, Wett et al., 2010).

Successful suppression o f nitrite oxidation by

controlling nitrite oxidizing bacteria (NOB) saves 25% oxygen and 40% organic carbon
compared to conventional nitrification-denitrification (Turk et al., 1986, Abeling et al.,
1992).
In deammonification processes, the control o f NOB results in added benefits o f further
reductions in aeration energy required, and reduced costs o f electron donor and solids
handling. In view o f the high cost o f biological nitrogen removal to meet increasingly
stringent effluent standards, shortcut nitrogen removal through suppression o f NOB is a
topic o f interest. Efforts to understand NOB out-selection have been discussed in many
publications including those that are more specific to the use o f high temperature (Hellinga
et al., 1998), high levels o f free ammonia inhibition, low DO concentration (Blackburne et
al., 2008a), and transient anoxia (Kornaros et al., 2010). Particularly, all o f these
conditions are used in part or as a whole in various approaches with success in controlling
NOB in systems treating ‘high strength’ (high free ammonia) waste streams such as
anaerobic digester dewatering liquor (also usually at high temperature) and landfill
leachate. NOB out-selection in low-strength waste streams such as domestic wastewater
remains a challenge.

Temperature and SRT
Microorganisms typically operate within a narrow range o f temperatures. Their optimum
temperature usually falls within this range. Temperature affects specific growth rate and
substrate utilization due to the changes in enzymatically catalyzed reactions and substrate
diffusion (Grady et al., 2011). Reaction rate coefficients typically increase with an increase
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in temperature until the critical temperature, at which cellular deterioration takes place, is
reached.
Further, high temperature is known to favor growth o f AOB over NOB (Kim et al., 2008).
In the literature, activation energies o f AOB and NOB are reported between 72 to 60
KJ/mol and 43 to 47 KJ/mol respectively within 7°C to 30°C (Knowles et al., 1965,
Stratton et al., 1967, Helder et al., 1983, Jetten et al., 1999). Therefore, the theoretical rate
o f increase in AOB activity is higher than NOB with increasing temperature. In fact, the
SHARON process relies on this phenomenon to achieve stable partial nitrification
(Hellinga et al., 1998). The specific ammonia and nitrite utilization rates increased by 5.3
times and 2.6 times at 10°C to 30°C (Figure 13). Further, the higher activity o f AOB at
higher temperature allows the SHARON reactor to be operated at low SRT (1 to 1.5 days)
which results in the enrichment o f AOB and selective wash out o f NOB (Figure 14).
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Figure 13. Specific ammonia and nitrite oxidation within 10°C to 30°C [After Kim et al.
(2008)]
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The increased activity o f AOB compared to NOB at higher temperatures, greater
disassociation o f total ammonia to free ammonia and resulting NOB inhibition at higher
temperatures, combined with low DO operation often conducted using intermittent aeration
and with managed aerobic SRT, results in enrichment o f AOB and selective wash out o f
NOB. These methods either use suspended growth (Katsogiannis et al., 2003), attached
growth on support media (Christenson et al., 2013,), or granular sludge (Wett, 2007) to
accomplish shortcut nitrogen removal. In spite o f being effective, the role o f elevated
temperatures to increase activity o f AOB while controlling NOB growth is not feasible in
low strength mainstream processes operating under a wide range o f temperatures.
Consequently, NOB control in low strength wastewater remains intractable and could
require careful manipulation o f factors other than temperature or free ammonia. The shift
in focus from a more typical use o f temperature and free ammonia to achieve NOB outselection seems forthcoming. Unlike in sidestream systems, the use o f temperature to
control relative growth rates o f AOB and NOB may not be possible within mainstream
processes.
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Figure 14. Minimum sludge age for AOB and NOB as a function o f temperature (based on
temperature coefficients found by Hunik, 1993 and Hellinga et al., 1998)
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Dissolved Oxygen
The parameter that can play a significant role in control o f NOB in low strength
wastewater is DO. Sustained nitritation with the use o f low DO concentrations has been
observed in a variety o f reactor configurations (Wyffels et al., 2004, Sliekers et al., 2005,
Blackburne et al., 2008a). All o f these reports lack account o f underlying mechanisms,
however, they resort to a hypothesis o f higher oxygen affinity o f AOB compared to NOB
(Hanaki et al., 1990, Laanbroek et al., 1993, Bemet et al., 2001) as an explanation for the
observed phenomenon (Yoo et al., 1999, Peng et al., 2007, Lemaire et al., 2008, Gao et al.,
2009, Zeng et al., 2009). In a study, Hanaki et al. (1990) demonstrated that nitrite oxidation
was repressed by low DO (<0.5 mg/L) in a suspended growth reactor at 25°C. Although
the hypothesis that low DO operation favors AOB versus NOB is very widespread (see
review o f oxygen half-saturation parameters in Sin et al., 2008), some research results
point in the opposite direction (Daebel et al., 2007, Manser et al., 2005). These research
efforts indicate stronger adaptation to low DO concentration for NOB compared to AOB.
In literature, considerable variation exists with respect to reported AOB and NOB oxygen
affinity coefficient (K0). It is argued that DO concentration within the floes is highly
affected by the size o f the floccular aggregates due to the oxygen mass transfer resistance.
DO concentration inside a floe or biofilm is possibly different than the bulk DO. It is likely
that high K0 values are the result o f oxygen mass transfer limitations, and therefore, do not
represent intrinsic biological characteristics o f the AOB or NOB (Blackburne et al.,
2008a). Consequently, the DO half saturation constant is dependent on the floe size,
biomass density, the mixing intensity and the rate o f DO diffusion in the floe (Munch et
al., 1996).
To eliminate the effects o f floe size, Blackburne et al (2008a) determined K0 o f enriched
AOB and NOB cultures with negligible oxygen mass transfer resistances. They reported
K0 values o f 0.033 ± 0.003 mg/L and 0.43 ± 0.08 mg/L for AOB and NOB, respectively.
These values are in agreement with previously believed DO half saturation constants for
AOB compared to NOB.

Manser et al (2005) determined the AOB and NOB K0 in

conventional activated sludge (CAS) and membrane bioreactor (MBR). In both systems
they found K 0 was higher for AOB (MBR: 0.18 ± 0.04 mg/L, CAS: 0.79 ± 0.08 mg/L)
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compared to NOB (MBR: 0.13 ± 0.04 mg/L, CAS: 0.47 ± 0.08 mg/L). In another study by
Daebel et al (2007), very similar results were replicated (AOB (MBR: 0.31 ± 0.09 mg/L,
CAS: 0.51 ± 0.07 mg/L), NOB (MBR: 0.14 ± 0.09 mg/L, CAS: 0.19 ± 0.03 mg/L)).
Blackburne et al. (2008a) used DO concentration as the only selection factor to suppress
nitrite oxidation in a continuous system at ambient temperature. It was perceived that
differences in oxygen affinities o f AOB and NOB favored suppression o f nitrite oxidation.
There are processes that promote simultaneous oxidation o f ammonia and reduction o f thus
produced oxidized nitrogen to nitrogen gas, possibly through nitrite, at low DO conditions.
These include simultaneous nitrification and denitrification (Pochana et al., 1999),
OLAND (Kuai et al., 1998), completely autotrophic nitrogen Removal over nitrite
(CANON) (Third et al., 2001), and nitrifier denitrification (Kampschreur et al., 2006).
However, in these types o f processes, other nitrite reducers such as heterotrophic
denitrifiers and anammox compete for nitrite against NOB (Hanaki et al., 1990, Kuai et al.,
1998, Pochana et al., 1999, Third et al., 2001, Wyffels et al., 2004).
Recently, low DO operation has proven completely incapable o f NOB suppression in
laboratory-scale SBRs operated at the Blue Plains WWTP (Al-Omari et al., 2012) and a
full-scale pilot process at Strass WWTP (Wett et al., 2012a). As per Table 12, AOB (or
AOB+NOB) had higher K0 values compared to the NOBs (Al-Omari et al., 2012). Similar
observation was made during similar tests at the full-scale pilot at the Strass WWTP where
average K0 for AOBs was 0.37 mg/L and K0 for NOBs was 0.16 mg/L (Wett et al., 2012).
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Table 12. DO half-saturation constant average values for low DO operation (After AlOmari et al., 2012).
Respiration

Unit

Method

H alf saturation constant at

H alf saturation constant at

Constant Low DO

Intermittent aeration - Low
DO

AOB

NOB

AOB

NOB

Declining DO

(mg/L)

0.31

0.14

0.22

0.12

Constant DO

(mg/L)

0.60

0.05

0.20

0.08

Free Ammonia and Free Nitrous Acid Inhibition
Measured values o f nitrite and ammonia include both protonated and ionized forms, and
the nitrous acid and ammonium concentrations can be determined using temperature, pH,
and the acid’s dissociation constant (Ka) or pKa. The pKa for the ammonia/ammonium acid
base pair is 9.25 and for nitrite/nitrous acid is 3.398 respectively at 20 °C. The ammonia
and ammonium species are present in equal concentrations at pH o f 9.25 at 20 °C. As the
pH falls below the pKa value o f 9.25, the ammonia (FA) becomes less prevalent as
compared to ammonium and vice versa as pH increases above the pKa value. Additionally,
temperature affects the pK a value; as temperature increases the pKa value decreases.
The unionized nitrogen forms are considered to be the actual substrate/inhibitor for
ammonium and nitrite oxidation. Free ammonia (FA) inhibition o f NOB has been well
documented in the literature ever since it was considered by Anthonisen et al. (1976). AOB
and NOB have a different sensitivity towards the uncharged form o f ammonium and nitrite
(Table 13). At high nitrite concentrations and low pH it is possible to maintain high
enough concentrations o f nitrous acid to inhibit NOB (0.02 mg F1N02-N/L) as compared to
AOB inhibition at 0.4 mg HNO 2 -N/L (Vadivelu 2007).
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Table 13. Free ammonia and free nitrous acid concentrations inhibitory to AOB and NOB
(Anthonisen et al., 1976).
NH3 (mgN/L)

AOB
8-120

NOB
0.08-0.82

HNO2 (mgN/L)

0.2-2.8

0.06-0.83

Therefore, higher inhibition sensitivity o f free ammonia on NOB has been used to suppress
NOB in high ammonia and temperature waste streams. However, the controlling FA
inhibition to obtain stable nitritation can be limited since NOB adaptation has been
reported (Turk et al., 1989, Wong-Chong et al., 1978).

Bioaugmentation
Mainstream bioaugmentation o f AMX is an emerging concept, however, successful
AOB/NOB bioaugmentation is well documented. The physical separation o f a more dense
biomass fraction containing predominantly anammox organisms and recycling this heavier
fraction by the use o f the hydrocyclone in order to enrich this very slowly growing biomass
has also been implemented (Nyhuis, 2009). Different from this approach, in order to select
the lighter biomass fraction (the overflow and not the underflow o f the hydrocyclone)
containing predominantly AOB in order to bioaugment the relatively fast growing AOB
from the sidestream reactor to the mainstream without uncontrolled loss o f anammox
activity in the sidestream reactor is implemented in the Strass WWTP for mainstream
deammonification (Figure 15). The selection o f the light biomass fraction using a cyclone
or sieve, or the separation o f unattached biomass from a biomass carrier media, allows a
maximum seeding rate which helps to repress NOB in both the high-strength sidestream
reactor (selectively decreasing SRT) and the low-strength system (transfer o f AOB but
almost no NOB).
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Figure 15 Mainstream deammonification at Strass WWTP with bioaugmentation from
sidestream deammonification (Wett et al., 2012)

Transient Anoxia
The use o f transient anoxia (alternating aerobic and anoxic conditions) has been a common
approach to achieve NOB out-selection (Pollice et al., 2002, Rosenwinkel et al., 2005,
Ling, 2009, Li et al., 2012, Zekker et al., 2012). Transient anoxia allows for a measured
approach to control the aerobic SRT as well as introduce a lag-time for NOB to transition
from the anoxic to aerobic environment. Komaros et al. (2010) showed a delay in NOB
recovery and NOB lag adaptation compared to AOB in aerobic conditions following
transient anoxia, thus confirming the observations o f the usefulness o f transient anoxia by
many others (Allenman et al., 1980, Katsogiannis et al., 2003, Sedlak, 1991, Sliverstein et
al., 1983, Yang et al., 2011, Yoo et al., 1999). Transient anoxia has been used successfully
to control NOB in high strength wastes (Wett, 2007) and the ability to use it in low
strength wastes has been suggested (Peng et al., 2004).
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Gilbert et al. (2014) presented a NOB suppression approach which involved exploiting a
lag phase after the transition from anoxic to aerobic conditions. This study concluded that
intermittent aeration with short anoxic periods o f 15-20 min at a minimum followed by
aerobic periods that are smaller than the specific lag phase might be sufficient to suppress
NOB. The lag phase lasted 5-15 min and was dependent on prior biomass acclimatization
(i.e., substrate and temperature conditions for growth). This study also claims that the lag
phases o f NOB adapted to high operational DO were typically longer than at a lower
operational DO. The prior adaptation to continuous or intermittent aeration was not a
significant factor. The length o f the lag phase was not dependent on the temperature as
long as the duration o f anoxic periods were greater than 15-20 min. It was indicated that
transient anoxia to suppress NOB is more suitable for NOB species that are enriched at a
high operational DO.

NO and N 2 O Emissions
The sustainability o f wastewater treatment in view o f gaseous emissions invariably relies
on minimal emissions o f gases such as nitric oxide (NO), which is a known to deplete
ozone, and nitrous oxide (N 2 O), which is a potent greenhouse gas. In monitored full-scale
short-cut nitrogen removal systems, 0.4-1.3% o f the nitrogen load was emitted as N 2 O
(Joss et al., 2009, Kampschreur et al., 2009a, Weissenbacher et al., 2010), which is close to
acceptable N 2 O emissions from nitrification/denitrification systems (Kampschreur et al.,
2009a). However, NO emissions generally below 0.01% o f N load were reported (Joss et
al., 2009, Kampschreur et al., 2009a, Weissenbacher et al., 2010), which can be attributed
to the low water solubility o f NO that causes NO to be emitted easily when it is formed.
AOB are the major players for N2O/NO emissions in short-cut nitrogen removal systems as
they are purported to perform the so-called ‘nitrifier denitrification’. AOB gain their
energy primarily through aerobic metabolic pathways (Chain et al., 2003). However, AOB
(including Nitrosomonas europea and N. eutropha) can use NO2' or N2O4 as electron
acceptors and NH3 or H 2 as electron donors to produce N O and N2O under oxygen limited
and anoxic conditions (Ritchie et al., 1972, Poth et al., 1985, Schmidt et al., 2004). Goreau
et al. (1980) reported N2O emissions up to 10% o f the nitrogen load at a DO below 1 mg
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OilL. NO emissions have been observed under both aerobic and completely anoxic
conditions (Ritchie et al., 1972, Yu et al., 2010), however, N 2 O production by AOB is
limited to aerobic or microaerophilic conditions. Transition from anoxic to aerobic
conditions in the presence o f ammonia has shown AOB to produce N 2 O (Yu et al., 2010).
Further, nitrite accumulation also plays an important role in AOB NO and AOB N 2 O
emissions (Kampschreur et al., 2009b). Nitrite accumulation is unavoidable in short-cut
nitrogen removal systems and considerably increases AOB N 2 O emissions (Colliver et al.,
2000). The periods o f high nitrogen loads trigger high specific activity o f AOB, which is
linked to high N 2 O production (Yu et al., 2010). AOB populations with lower substrate
affinities could result in an imbalance in enzyme expression while close to their maximum
specific activity (Yu et al., 2010). Therefore, according to Monod kinetics AOB is prone to
N 2 O emission at lower substrate levels. Consequently, systems operated under constant
specific activity values in terms o f DO and ammonia levels, are less likely to produce high
N 2 O. Therefore, discontinuous systems such as SBRs are more vulnerable to produce N 2 O
due to inevitable transitions. It is desired to maintain stable nitrogen concentrations by
employing prolonged feeding during the reaction phase in SBRs (Wett, 2006). This could
possibly lead to lower N 2 O production. NO and N 2 O are also produced through abiotic
reactions, which could be important in other instances. Hydroxylamine, an AOB
intermediate, can react either biochemically (Yu et al., 2010) or chemically (van Cleemput,
1998) with nitrite to form NO and N 2 O.
NO and N 2 O emissions may increase with the airflow rate being used since their
concentrations remain constant in the gas phase. The stripping o f NO and N 2 O can also be
decreased to lower their emissions. Thus, NO and N 2 O emissions can be controlled by
lowering the airflow rate within optimal conditions (Kampschreur et al., 2008), and in a
membrane-aerated biofilm reactor (MABR) using bubble less aeration (Pellicer-Nacher et
al., 2010). Denitrification rates are known to decrease due to high nitrite concentration,
which leads to NO and N 2 O formation (von Schulthess et al., 1995). Similarly, COD
limited denitrification results in NO or N 2 O emissions (von Schulthess et al., 1996, Chung
et al., 2000). Additionally, denitrifying enzymes and N 2 O reductase (Otte et al., 1996) are
inhibited by DO. A low DO in short-cut nitrogen removal systems could also trigger N 2 O
emission by denitrifiers.
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Based on the finding noted above, it could be inferred that stable conditions which allow
constant specific microbial activities and control the accumulation o f nitrite and ammonia
are key to lowering NO and N 2 O emissions from short-cut nitrogen removal systems.
However, transiently oxygen-limited conditions are unavoidable in short-cut nitrogen
removal systems to apply pressure on NOB. Also, the continuous aeration was not shown
to lower N 2 O emission compared to intermittent aeration (Joss et al., 2009). Therefore,
there exists a need to explore DO levels and aeration patterns in order to mitigate NO/N 2 O
emissions.

Inorganic Carbon Limitation Impact on AOB versus NOB
In a study with pure AOB cultures, increased growth rates and yields were demonstrated
when cells were grown under CO 2 rich conditions (i.e. greater than 0.03% CO 2 ) (Jahnke,
1984). The effects o f IC limitation on ammonia oxidation have been reported through
modeling and experimental efforts (Wett, 2003, Guisasola et al., 2007) that consider partial
nitrification o f high N streams. IC limitation results in decreased ammonia removal
efficiency which might be the result o f slowed AOB growth causing biomass washout
when a sufficiently long SRT is not provided (Wett, 2003, Khunjar et al., 2011). Under
moderate IC limitation, AOB activity recovered; however, no recovery was observed under
severe IC limitation (Khunjar et al., 2011). Nitric and nitrous oxide emissions also
increased when cells were subjected to inorganic carbon limitation (Khunjar et al., 2011).
Moreover, it was observed that IC limitation had a stronger effect on the ammonia
oxidation than on the nitrite oxidation (Guisasola et al., 2007). It was suggested that AOB
were limited by inorganic carbon availability at concentrations as low as 3 mmol/L, while
the NOB were not limited even at concentrations below 0.1 mmol/L. This is potentially
problematic, particularly in high N streams where transient IC limitation could be
common, which may potentially interfere with autotrophic N-removal processes such as
anammox, by providing selective advantage to the growth o f NOB over AOB and
anammox. In contrary to these concerns, IC limitation has been demonstrated to adversely
impact NOB growth, leading to NOB washout due to decreased cell synthesis rates or cell
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yields (Kim et al., 2012). Further, adaptation to IC limitation was not observed and nitrite
oxidation recovered only after re-supplying CO 2 (Kim et al., 2012).

2.11 Mainstream NOB Out-selection
Short-cut nitrogen removal over NO 2 ' has been proven difficult in treating low nitrogen
wastewater (Guo et al., 2009a) especially in continuous processes (Ma et al., 2009, Peng et
al., 2012). Ammonia oxidation to nitrite causes the pH to drop due to alkalinity
consumption, whereas nitrite oxidation to nitrate does not significantly change the pH.
However, if the aeration is continued pH ascends due to CO 2 stripping. Therefore, a
bending point on the pH profile at the end o f ammonia oxidation termed the “ammonia
valley” is observed (Alghusian et al., 1995).
There are many publications that claim that achieving nitritation in SBRs can be achieved
by controlling aeration duration based on ammonia valley or other similar indicators (Peng
et al., 2007, Yang et al., 2007, Blackburne et al., 2008b, Guo et al., 2009a, Ye et al., 2009).
Guo et al. (2009a) demonstrated nitrite accumulation (> 90% NCh-N/NOx-N) in a SBR (10
L, 8-10 hr HRT, 30 d SRT) treating domestic wastewater (influent C/N= 3.7, < 26°C) using
real-time aeration duration control. In this study, DO was maintained at 2.5 mg/L, which
contradicts the purported role o f low DO in suppressing NOB. In fact, high DO (>2.5 mg
O 2 /L) was also used to achieve partial nitrification in a SBR treating municipal wastewater
at ambient temperature (Yang et al., 2007). It was worth noting that finite residual
ammonia (> 1 mg/L) was maintained throughout the study, while during start-up the
effluent ammonia was around 2 mg/L. The high effluent nitrite (>25 mg/L) indicated that
NOB suppression was possible in spite o f abundant substrate availability to the NOB.
However, the role o f HNO 2 itself or NO (nitrite generated) that could potentially cause
inhibition to NOB was not discussed. It was believed that the NOB growth could be
suppressed through aeration duration control by providing no extra time for NOB to utilize
the accumulated nitrite (Guo et al., 2009b). Blackburne et al. (2008b) investigated the
aerobic duration control to achieve NOB suppression in a laboratory-scale SBR treating
domestic wastewater. After initially inducing 40% nitrite accumulation with formic acid
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addition, the process proved effective in achieving a steady state whereby over 80%
nitritation was sustained.
Considering the difficulty o f suppression o f NOB in continuous mainstream processes,
reports o f successful short-cut nitrogen removal are rare. Recently, in a continuous plugflow step-feed BNR pilot-scale study, Ge et al. (2014) reported high degree o f NOB out
selection (effluent N 0 2 ‘-N/N 0 X-N =0.82) and a high nitrogen removal efficiency o f 85%
with moderate influent COD/NH 4 +-N ratio o f 5 at 16-28 °C. The successful NOB outselection was attributed to transient anoxic conditions and step feed in the anoxic zone to
remove accumulated NO 2 ' following the aerobic zone. In a pilot-scale continuous
predenitrification system (9-10 hr HRT, 15 d SRT, 300-4000 mg/L MLSS), Ma et al.
(2009) demonstrated the nitrite pathway (established within 2-3 SRT) treating domestic
wastewater (influent C/N = 3) at ambient temperature (21 °C). The successful NOB outselection was attributed to low operational DO (0.4-0.7 mg O 2 /L) due to hypothesized
lower DO affinity o f NOB compared to AOB. It was shown that by operating at high DO
(2-3 mg O 2 /I) nitritation was destroyed. It was also reported that maintaining high residual
ammonia was beneficial for establishing nitritation, although the exact reason was not
provided.
Similarly, in a continuous anaerobic-anoxic-aerobic (A 2 0 ) process (15-20 d SRT, 20003000 mg/L MLSS) treating domestic wastewater (influent C/N = 2.5) at ambient
temperature (22 °C), nitritation was achieved using a combination o f short aerobic HRT
and low DO levels (0.3-0.5 mg O 2 /L). In this study, during the start-up period o f nitritation
in the A20 process, a short aerobic HRT (4.97 h) was applied to avoid excessive aeration
and inhibit NOB growth, which also coincides with high effluent ammonia. In
contradiction to the previous study by Ma et al (2009), low DO sludge bulking was not
observed in spite o f the high nitrite accumulation.
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2.12 Worldwide Status of Mainstream Deammonification Research
The stringent nitrogen limits and rising energy cost o f wastewater treatment is the primary
driver for alternative technologies for nitrogen removal. Mainstream deammonification
represents the enhanced efficiency for biological nitrogen removal. It is potentially a
possible way to achieve energy positive wastewater treatment for plants requiring a high
degree o f nitrogen removal. The high ammonia strength waste stream treatment via
deammonification has almost state-of-the-art status with close to

100

installations world

wide. These facilities are reporting enhanced nitrogen removal performance at reduced
energy and resources consumption. Therefore, mainstream deammonification has become
the next frontier in nitrogen removal and is being pursued by several research groups the
world

over.

Table

14

summarizes

ongoing

research

projects

on

mainstream

deammonification that are known to the author as o f April, 2014 (excluding this study).
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Table 14. Mainstream deammonification research status as o f April, 2014.
Location
Rotterdam, The

Scale

Process type

Research groups

Source

Pilot-scale

Up flow

TU-Delft/Paques

Lotti et al.

Granular

Netherlands

(2013)

biomass
Malmo, Sweden

Pilot-scale

MBBR and

Veolia

IFAS

Lemaire et al.
(2013)

Up flow

Aqualia/university

Padin et al.

Compostela,

Granular

of Santiago de

(2013)

Spain

biomass

Compostela

Santiago de

Pilot-scale

Nieuwveer, The

Pilot and

Up flow

Colsen/Gent

Vlaeminck

Netherlands

Lab scale

Granular

University

2014*

biomass
Strass, Austria

Changi,
Singapore

Full-scale

Sidestream

ARA consult /DC

Wett et al.

test

Bioaugmentation

Water

(2013)

Full-scale

Step-feed BNR

PUB Singapore

Cao et al.

test

(2013)

*Personal communication

In a full-scale trial at the Strass WWTP (Austria), Wett et al. (2013) demonstrated
anammox implementation by bioaugmentation o f sidestream generated AMX. The results
o f this study showed that it was possible to maintain AOB activity in the reactor higher
than the activity o f NOB. However, the exact contribution o f anammox and nitritationdenitritation in terms o f nitrogen removal efficiency were not elucidated. In another fullscale trial at the Changi WWTP (Singapore), at high wastewater temperatures o f 28-32 °C
(year around), it was possible to repress NC>2 ‘ oxidation (Cao et al., 2013). Nitrogen
removal efficiency o f greater than 85% was demonstrated at a moderate influent
COD/NH 4 +-N o f around 10. Further, in the study a high percentage o f the nitrogen removal
was speculated due to AMX activity. However, at such a high COD/N ratio and high
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temperatures in a step-feed BNR the nitrogen removal through nitritation-denitritation
could also result in a similar efficiency.
It is important to note that anoxic and autotrophic nitrogen removal by AMX provides
aeration and carbon savings only if the influent carbon is captured prior to the nitrogen
removal step, which was not the case in this study. Furthermore, NOB out-selection relied
on high temperature which is not available in temperate and cold climate areas, where
wastewater temperatures are much lower. In a pilot-scale study o f one stage partial
nitritation/anammox in upflow reactor with granular biomass, Lotti et al. (2013) reported
nitrogen removal efficiencies o f 29% and 49% during stable and best performance periods,
respectively.
Therefore,

the

implementation

o f mainstream

deammonification

has

yet to

be

demonstrated at low temperatures (<25 °C) with high nitrogen removal efficiencies (>
50%) in a long-term study.
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CHAPTER 3

MATERIAL AND METHODS

3.1 Pilot Study
The two major objectives o f the pilot study at HRSD’s Chesapeake Elizabeth Treatment
Plant (CETP hereafter) were: 1) To study the feasibility o f a biological nitrogen removal
upgrade o f CETP at a reduced capital and operating costs 2) To explore possibilities for the
implementation o f new short-cut nitrogen removal through repression o f NO 2 ' oxidation
and polishing using anammox, which could be beyond the CETP upgrade. The A-B pilot
study consisted o f a common A-stage feeding two parallel B-stages. The A-stage was a
high-rate activated sludge (HRAS) process. The B-stage intended for the first objective
was a plug-flow activated sludge process and was named AOB versus NOB (AvN). The
second B-stage was a continuous stirred tank reactor (CSTR) activated sludge process
(AvN CSTR hereafter) followed by an anammox moving bed biofilm reactor (MBBR) for
nitrogen polishing, the combined process was named AvN+. The process flow diagram
presented in Figure 16 gives an overview o f the pilot study setup. A more detailed version
o f the pilot process flow diagram including preliminary treatment is presented in Figure
A l.
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A-stage

B-stage (AvN+)

HRAS
AER

AvN CSTR
PCL

Anammox MBBR
SCL

AER

ANX

$1

AvN
AER

AER

AER

Figure 16. A-B pilot process flow diagram (Pilot 1.0)

The majority o f the results and discussion provided in this dissertation originates from the
pilot o f Figure 16. This pilot was later modified significantly, which included two parallel
A-stages and one plug-flow AvN that was followed by a MBBR with anammox. Only one
A-stage (HRAS-control) was connected to the B-stage, while the other A-stage served as
an experimental train (HRAS-experimental) to understand the mechanisms o f carbon
removal in high-rate processes (Table 15). The second iteration o f the pilot will be
presented in greater detail in the following sections.
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Table 15. Pilot process trains before and after the upgrade.
Generation

A-stage

Pilot 1.0

HRAS

B-stage
AvN
AvN+ (AvN CSTR with Anammox MBBR)

HRAS-control

AvN+ (AvN with Anammox MBBR)

Pilot 2.0
HRAS-experimental

3.2 Pilot 1.0 Setup
Preliminary Treatment
Using a chopper pump, raw wastewater influent (RWI) for the pilot process was pumped
from the effluent channel o f the preliminary treatment facility (PTF) at the CETP. The
PTF includes fine screens and forced vortex grit removal. Due to the inefficiencies o f the
PTF, the pumped RWI first passed through a 208 L drum equipped with a variable speed
mixer that was operated at a speed that allowed grit to settle but kept particulate and
colloidal organic matter in suspension.
draining and cleaning out the tank.

Accumulated grit was periodically removed by
Floatable material, such as oil and grease, was

continuously removed by allowing the tank to overflow to a floor drain. From the grit and
scum removal tank, the RWI was pumped by a peristaltic pump through basket screens
with 2.4 mm openings into a temperature control tank. This tank contained a submersible
heater and a finned-tube coil. Coolant was circulated through the coil and a water-cooled
water chiller.
A programmable logic controller (PLC) controlled power to the heater and chiller based on
a signal from a thermocouple in the temperature control tank and a user set-point. This
setup provided the capability to provide a constant influent wastewater temperature to the
biological processes anywhere from 15 to 25°C.

The temperature control tank also

contained a constant speed mixer. These processes were only necessary for the pilot and
not intended for the full-scale process.

78

High-rate Activated Sludge Process (HRAS)
The reactor was constructed from clear polyvinylchloride (PVC) pipe supported vertically
on one end with an operating volume o f 170 L, a HRT o f 30 minutes, and a side water
depth o f 3.4 meters.

Aeration was provided using compressed air and a 17.7 cm

membrane disc diffuser with the DO monitored by a DO sensor (Table 16). The desired
DO set-point was maintained using a single-loop proportional-integral-derivative (PID)
controller controlling a mechanically operated valve (MOV) on the compressed air line.
Since the HRAS reactor was mixed only by aeration, a minimum MOV closure was set to
ensure continuous airflow.
The reactor overflowed by gravity to a steep cone-bottom clarifier. The clarifier had a
submerged vertical inlet inside o f a center well. This configuration helped dissipate the
influent hydraulic energy and allowed additional bioflocculation to occur before solids
separation. The clarifier was fitted with a scraper mechanism that rotated at 0.25 rpm and
directed settled solids to the bottom o f the clarifier cone. A peristaltic pump returned
settled biomass in the clarifier to the aeration tank. The surface overflow rate (SOR) was
0.7 m 3 /m2 hr and a solids loading rate (SLR) o f 1.4 kg/m 2 hr at 100% RAS and 3000 mg/L
MLSS.

The RAS flow was monitored using a magnetic flow meter.

The SRT o f the

HRAS process was controlled by wasting solids from the underflow o f the clarifier using a
programmable digital peristaltic pump. Effluent from the clarifier overflowed to a 208 L
drum that served as a flow through feed storage tank for the B-stages. Effluent suspended
solids (ESS) and pH were monitored in this tank (Table 16). Mixing was maintained by a
constant speed mixer. A-stage effluent was pumped from the feed storage tank to the Bstages with a programmable digital peristaltic pump.
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Table 16. List o f sensors used in A-stage monitoring.
Sensor

Measurement

Type

Location

Manufacturer

Origin

Foxboro pH

pH

ISE

Effluent

Invensys

London, UK

LDO

DO

Optical

Aeration

HACH

Loveland, CO,

Name

tank
VisoTurb

TSS

Optical

Effluent

USA
WTW

Weilheim,
Germany

*Ion selective electrode

B-stage AvN
The B-stage-AvN consisted o f three equal volume tanks in series, each 151 L for a total
operating volume o f 454 L, and a cone-bottom clarifier. The clarifier had a submerged
vertical inlet inside o f a center well.

This configuration helped dissipate the influent

hydraulic energy and allowed additional bioflocculation to occur before solids separation.
The clarifier was fitted with a scraper mechanism that rotated at 0.25 rpm and directed
settled solids to the bottom o f the clarifier cone. A peristaltic pump returned settled
biomass in the clarifier to the aeration tank. The SOR was 0.1 m 3/m2 hr and a SLR o f 0.3
kg/m2 hr at 100% RAS and 3000 mg/L MLSS.

All three biological reactors were

equipped with a variable speed mixer (Caframo: Georgian Bluffs, Ontario, CA) at G = 106
s' 1 to maintain complete-mix conditions. Aeration was provided using compressed air and
a 22.9 cm membrane disc diffuser with the DO monitored by a DO sensor (Table 17). The
desired DO set-point was maintained using ON/OFF switching o f solenoid valves on the
compressed air line. Tanks were intermittently aerated and the aeration pattern was
controlled based on the effluent NH 4 +-N set-point (Table 17). The aeration capacity
allowed all 3 tanks to be intermittently aerated without a defined anoxic zone. The AvN
had a total F1RT o f 4 hours, with the influent set at a constant flow o f 1.9 L/min. This HRT
represents the existing HRT o f CETP’s aeration tanks when operating at design flow.
There was a provision for an internal mixed liquor recycle (IMLR) line to return nitrified
mixed liquor from the last aerobic reactor to the first reactor using a peristaltic pump at a
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rate between 100-400% o f the influent flow. When IMLR was used the first tank was not
aerated. RAS from the clarifier was returned to the first reactor at 100% o f the influent
flow. SRT was controlled by wasting solids from the last aerobic tank (Garrett
configuration).

The SRT was maintained between 5-10 days based on operation

performance and MLSS concentration. pH was monitored using a pH probe in the last
aerobic reactor (Table 17). Although there was a provision to control pH using a
proportional controller with sodium hydroxide solution addition to the final aerobic
reactor, it was rarely used.

Table 17. List o f sensors used in AvN monitoring and process control.
Sensor

Measurement

Type

Location

Manufacturer

Origin

Last aerobic

Invensys

London, UK

HACH

Loveland,

Function

Name
Foxboro pH

Main

pH

ISE

Monitoring

reactor
LDO

NH4D sc

DO

NHf-N

Optical

ISE

Process

All aerobic

control

reactors

Process

Last aerobic

control

reactor

CO, USA
HACH

Loveland,
CO, USA

B-stage AvN CSTR
The AvN CSTR included a single 340 L aeration tank and a cone-bottom clarifier. While it
is recognized that a more plug-flow reactor configuration would be expected for full-scale
implementation, a single CSTR was used for this study for simplicity associated with the
development and testing o f the aeration control schemes. The clarifier had a submerged
vertical inlet inside o f a center well.

This configuration helped dissipate the influent

hydraulic energy and allowed additional bioflocculation to occur before solids separation.
The clarifier was fitted with a scraper mechanism that rotated at 0.25 rpm and directed
settled solids to the bottom o f the clarifier cone.
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A peristaltic pump returned settled biomass in the clarifier to the aeration tank. The SOR
was 0.1 m 3 /m 2 hr and a SLR o f 0.5 kg/m2-hr at 100% RAS and 3000 mg/L MLSS. This
tank was equipped with a variable speed mixer (Caframo: Georgian Bluffs, Ontario, CA) at
G = 175 s' 1 in order to maintain complete-mix conditions. Aeration was provided using
compressed air and a 23 cm membrane disc diffuser with the DO monitored by a DO
sensor (Table 18). The desired DO set-point was maintained using a single-loop P1D
controlling a MOV on the compressed air line. RAS from the clarifier was returned to the
AvN CSTR with a peristaltic pump at 100% o f the influent flow. SRT was controlled by
wasting solids from the bioreactor (Garrett configuration) with a programmable digital
peristaltic pump. The AvN CSTR was equipped with sensors to monitor N 0 3 '-N, N 0 2 '-N
and NH 4 +-N (Table 18). These signals were used to control the intermittent aeration pattern
o f the AvN CSTR.

Table 18. List o f sensors used in AvN reactor monitoring and process control.
Sensor Name

Measurement

Type

Main

Manufacturer

Origin

Invensys
HACH

London, UK
Loveland, CO,
USA
Vienna,
Austria
Weilheim,
Germany

Function
Foxboro pH
LDO

pH
DO

ISE
Optical

Spectro::lyser

N 02--N,
n o 3--n
NHf-N

Optical

VARiON

ISE

Monitoring
Process
control
Process
control
Process
control

S::CAN
WTW

A nam m ox M BBR
The anammox MBBR had a volume o f 454 L where 50% o f the volume was filled with K3
biofilm carriers (AnoxKaldnes: Lund, SE). The effective surface area o f the carriers was
500 m 2 /m3. Mechanical mixing o f the carriers was achieved by a variable speed mixer
(Caframo: Georgian Bluffs, Ontario, CA) at G = 14 s '1. The pH was recorded continuously
by an online pH probe and the reactor was covered with Styrofoam to avoid oxygen
transfer from the atmosphere. During startup, the anammox MBBR was operated with a
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temporary clarifier to recycle sludge back to the MBBR. The anammox MBBR did not rely
on any sensor-based process control.

B-stage AvN: AvN (NHU) aeration control
Under this control strategy, a fixed total cycle time (in minutes) was defined by the user.
Each cycle consisted o f an aerobic period followed by an anoxic period, each o f which
would vary based on effluent NH 4 +-N.

The desired range o f effluent NH 4 +-N

concentration was user-selected. For example, the user selects an effluent NH 4 +-N range of
2-4 mg N/L, a total cycle time o f 14 minutes, a DO level o f 1.5 mg O 2 /L (these were
typical values used throughout the experiments), and assume the initial aerobic/anoxic
fraction is 7 minutes aerobic and 7 minutes anoxic. If the effluent NFLf-N increased above
4 mg/L, the aerobic fraction was increased by 1 minute and the anoxic fraction was
decreased by 1 minute, so the new ratio was

8

minutes aerobic / 6 minutes anoxic. This

continued until the effluent NH 4 +-N was within the desired range, at which point the
controller did not change the time periods (Figure 17a). When the effluent NH 4 +-N level
dropped below 2 mg/L, the length o f the aerobic period was decreased and the length o f
the anoxic period increased, until the effluent N H 4 +-N level returned to within the desired
range. To prevent over or under-aeration, the system contained a user-defined maximum
and minimum aeration period duration.

Because air flow was controlled by solenoid

valves, to achieve an average DO o f 1.5 mg O 2 /L, the solenoids were set to open at 1.2 mg
O 2 /L (Low DO set-point) and close at 1.7 mg O 2 /L (High DO set-point). The ON/OFF DO
controller graphic representation can be seen in Figure 17b.
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A

NO

NO
*

o n lin e [N H 4-N ] > H ig h

o n lin e [N H 4 -N ] < L o w

v
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YES

YES

InCTease A e ro b ic D u ra tio n

A e ro b ic D u r a tio n U n c h a n g e d

D e c re a s e A e ro b ic D u ra tio n

B
Online DO

High DO setpoint

Low DO setpoint

8
2
a

Aerobic Duration

Anoxic Duration

One Cycle Duration

Figure 17. A) Graphic representation o f the control logic o f ammonia-based intermittent
aeration control. B) Graphic representation o f ON/OFF DO controller during one cycle.

B-stage AvN C STR : AvN (NH 4 -NOx) aeratio n control
To impose conditions favorable for NOB out-selection and to provide effluent suitable for
anaerobic ammonia oxidation (AMX) polishing, an aeration controller was developed
which uses online in-situ DO, NFLi+, NO 2 ' and N 0 3 ' sensors. The first component o f AvN
control was the aerobic duration controller with the goal o f maintaining equal effluent
NH4+-N and NOx-N (NOx-N/NH4+-N = 1) in the AvN CSTR at all times (Figure 18a). The
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latter would guarantee a treatable effluent for the final polishing step with AMX. The other
component o f the AvN control was the DO controller, which maintains the DO at a desired
set-point during the aerated period (Figure 18b).
Under the AvN strategy, NFU+-N was compared to the sum o f N 0 2 '-N and N 0 3 '-N
concentrations (NOx-N). First, the cycle duration (aerobic time + anoxic time) had a
defined minimum and maximum aerobic time. The cycle duration was kept constant at 12
minutes and minimum and maximum aeration times were set at 4 and 10 minutes,
respectively. These set-points were selected to avoid NH 4 +-N concentrations below 1.5
mg-N/L. As the AvN controller aimed at maintaining NFL»+-N concentrations equal to
NOx-N. When the NFl4 +-N concentration was greater than NOx-N concentration, the
aerobic time was increased and the aerobic time was decreased when the NOx-N
concentration was greater than NFU+-N concentration, while maintaining the cycle duration
constant. The aerobic time was allowed to fluctuate between the minimum and maximum
set-points by a PID controller. When aerated, a PID controller controlled a MOV to
maintain the target DO set-point o f 1. 6 mg O 2 /L
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Figure 18. A) Graphic representation o f the logic o f AvN aeration control. B) Graphic
representation o f ON/OFF control during one cycle and PID DO control during aerobic
duration.
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The aeration control strategies used in this study are compared with traditional ammoniabased aeration control in Table 19.

Table 19. Comparison o f main features o f ammonia-based aeration control, AvN (NH4)
control and AvN (NH 4 -NOx) aeration control

ABAC*

AvN (NH4)
Control

Effluent N H /-N

Effluent NH4+-N

Control
set-point

AvN (NH 4 -NOx) Control
Effluent NH 4+-N set-point =
Effluent NOx-N

Control
DO intensity

Aerobic Fraction

Aerobic Fraction

Constant DO

Constant DO

variable
Variable DO set
DO
point
Aeration

Intermittent
Continuous aeration

Pattern

Intermittent aeration
aeration
NH 4 +-N ,N 0 2 --N, N O 3 --N

Sensors

NH4+-N and DO

NH4+-N and DO
and DO

*Most commonly used feed-back ammonia-based aeration control (ABAC)

3.3 Pilot 2.0 Setup
The second generation pilot was shaped by the knowledge and insights gained during the
operation o f the first generation pilot. Based on the results and keeping full-scale
implementation in mind, AvN aeration control with the plug flow configuration and
anammox polishing was chosen for a consolidated B-stage. The major issues o f the Astage in the first generation pilot were filamentous bulking, aeration control, and process
stability. Therefore, the new A-stage consisted o f a more plug-flow configuration with 3
reactors in series. In addition, because the A-stage precedes the B-stage, the extent of
experimentation was limited, therefore, an identical A-stage train was added to serve as an
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experimental train. The detailed schematic o f Pilot 2.0 is presented in Figure A2. The
process flow diagram excluding the experimental A-stage train is presented in Figure 19.

A-stage

B-stage|AvN+)
AvN

Anammox MBBR

WAS

Figure 19. A-B pilot process flow diagram (Pilot 2.0).

Preliminary Treatment
Using a chopper pump, RW1 for the pilot process was pumped from the effluent channel of
the PTF at CETP. The PTF includes fine screens and forced vortex grit removal. Due to
the inefficiencies o f the PTF, the pumped RW1 first passed through a 568 L drum equipped
with a variable speed mixer that was operated at a speed that allowed grit to settle but kept
particulate and colloidal organic matter in suspension. Accumulated grit was periodically
removed by draining and cleaning out the tank. Floatable material, such as oil and grease,
was continuously removed by allowing the tank to overflow to a floor drain. From the grit
and scum removal tank, the RWI was pumped by a progressive cavity pump through
basket screens with 2.4 mm openings into a temperature control tank. This tank contained
submersible heaters and a finned-tube coil. Coolant was circulated through the coil and a
water-cooled water chiller. A PLC controlled power to the heater and chiller based on a
signal from a thermocouple in the temperature control tank and a user set-point. This setup
provided the capability to provide a constant influent wastewater temperature to the
biological processes anywhere from 15 to 25°C.

The temperature control tank also

88

contained a constant speed mixer. These processes were only necessary for the pilot and
not intended for the full-scale process.

High-rate Activated Sludge Process (HRAS-control)
The three reactors were constructed from PVC pipe supported vertically on one end with a
total operating volume o f 511 L, a HRT o f 30 minutes, and a side water depth o f 3.4
meters.

Aeration was provided using compressed air and a 17.7 cm membrane disc

diffuser in each reactor with the DO monitored by a DO sensor in the last reactor (Table
20).

The desired airflow set-point was maintained using a single-loop PID controller

controlling a MOV on the compressed air line. Additional mixing was provided by large
bubble mixing every two minutes.

The last reactor overflowed by gravity to a steep cone-

bottom clarifier. The clarifier had a submerged vertical inlet inside o f a center well. This
configuration helped dissipate the influent hydraulic energy and allowed additional
bioflocculation to occur before solids separation. The clarifier was fitted with a scraper
mechanism that rotated at 0.25 rpm and directed settled solids to the bottom o f the clarifier
cone.
A progressive cavity pump returned settled biomass in the clarifier to the first aeration
tank. The SOR was 0.7 m 3 /m2 hr and a SLR o f 4.5 kg/m2 hr at 100% RAS and 3000 mg/L
MLSS. The influent and RAS flows were monitored using magnetic flow meters. The
SRT o f the HRAS process was controlled by wasting solids from the underflow o f the
clarifier using a programmable digital peristaltic pump.

Effluent from the clarifier

overflowed to a 208 L drum that serves as a flow through feed storage tank for the B-stage.
ESS, COD, and sCOD were monitored in this tank (Table 20). Mixing was maintained by
a constant speed mixer. A-stage effluent was pumped from the feed storage tank to the Bstage with a progressive cavity pump.
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Table 20. List o f sensors used in A-stage monitoring.
Sensor

Measurement

Type

Location

Manufacturer

Origin

Foxboro pH

PH

ISE

Effluent

Invensys

London, UK

LDO

DO

Optical

Aeration

HACH

Loveland, CO,

Name

USA

tank
Carbo::lyser

COD, sCOD,

Optical

Effluent

TSS

S::CAN

Vienna,
Austria

B-stage AvN
The B-stage-AvN consisted o f four equal volume tanks in series, each 151 L for a total
operating volume o f 606 L, and a cone-bottom clarifier. The clarifier had a submerged
vertical inlet inside o f a center well.

This configuration helped dissipate the influent

hydraulic energy and allowed additional bioflocculation to occur before solids separation.
The clarifier was fitted with a scraper mechanism that rotated at 0.25 rpm and directed
settled solids to the bottom o f the clarifier cone. A peristaltic pump returned settled
biomass in the clarifier to the first aeration tank. The SOR was 0.1 m3/m2 hr and a SLR o f
0.8 kg/m2 hr at 100% RAS and 3000 mg/L MLSS.

All four biological reactors were

equipped with a variable speed mixer (Caframo: Georgian Bluffs, Ontario, CA) at G = 163
s '1 to maintain complete-mix conditions.
Aeration was provided using compressed air and a 17.7 cm membrane disc diffuser with
the DO monitored in each reactor by a DO sensor (Table 21). The desired DO set-point
was maintained using a single-loop PID controlling a MOV on the compressed air line.
The aeration capacity allowed all 4 tanks to be intermittently aerated without a defined
anoxic zone. There was a provision for an 1MLR line to return nitrified mixed liquor from
the last aerobic reactor to the first reactor using a peristaltic pump at a rate between 100400% o f the influent flow. When IMLR was used the first tank was not aerated. RAS from
the clarifier was returned to the anoxic zone at 100% o f the influent flow. SRT was
controlled by wasting solids from the last aerobic tank. The wasting was automated to
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maintained desired SRT. The AvN process was equipped with sensors to monitor N O 3 -N,
NCh’-N and N H 4 +-N (Table 21). These signals were used to control intermittent aeration
pattern o f the AvN process. pH was monitored using a pH probe in the last aerobic reactor.

Table 21. List o f sensors used in AvN monitoring and process control.
Sensor Name

Measurement

Type

Main

Location

Manufacturer

Origin

Last
reactor
All
reactors
Last
reactor
First and
last
reactor

Invensys

London,
UK
Loveland,
USA
Vienna,
Austria
Weilheim,
Germany

Function
Foxboro pH

pH

ISE

Monitoring

LDO

DO

Optical

Spectro::lyser

NQf-N,
NOy-N
n h 4+-n

Optical

Process
control
Process
control
Process
control

VARiON

ISE*

HACH
S::CAN
WTW

*Ion selective electrode

Anammox MBBR
The anammox MBBR had a volume o f 340 L where 50% o f the volume was filled with K3
biofilm carriers (AnoxKaldnes: Lund, SE). The effective surface area o f the carriers was
500 m 2 /m3. Mechanical mixing o f carriers was achieved by a variable speed mixer
(Caframo: Georgian Bluffs, Ontario, CA) at G =

8

s '1. The pH was recorded continuously

by an online pH probe and the reactor was covered by Styrofoam to avoid oxygen transfer
from the atmosphere. The concentration o f nitrate was measured by a HACH Nitratax
sensor (HACH: Lovelond, CO, USA). A micro peristaltic pump was used to feed acetate to
the anammox reactor to maintain desired influent COD: N 0 3 '-N ratio. The anammox
MBBR did not rely on any sensor based process control.

AvN Aeration Control
The AvN aeration control remained unchanged from the previous pilot (AvN CSTR).
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AvN SRT Control
The oxidation o f NH 4 + is the first step o f biological nitrogen removal. Ammonia oxidizing
bacteria (AOB) oxidize NH 4 + to NO 2 ' and then nitrite oxidizing bacteria (NOB) oxidize
NO 2 ' to NO 3 ' to complete full nitrification. Although the second step is not needed for
nitrogen removal, since AOB and NOB co-exists closely in environment; elimination o f
NOB has been proven difficult in biological wastewater treatment processes. The higher
rates associated with AOB results in better conversion o f NH 4 + to N 0 2 ‘ which is critical for
achieving higher nitrogen removal rates. Since, AOB grow slower than the heterotrophs
that convert N 0 2 ‘ and NO 3 ' to N 2 , AOB population and NFLf oxidation rates usually
dictate the solids retention time (SRT) o f the biological nitrogen removal system. The AvN
aeration control maintains the proper aerobic fraction to achieve the effluent N O x-N:NH4+N ratio o f 1. The aerobic fraction required to maintain effluent NOx-N:NH 4 +-N ratio o f 1 is
a function o f NH 4 +-N oxidation rate or AOB rate. Further, AOB rate is related to system
SRT. Moreover, denitrification rates are much higher than NH 4 +-N oxidation rates in
systems similar to AvN with influent COD/N ratio >5.
In intermittent aeration systems oxidation o f COD occurs during the aerobic and anoxic
periods. COD oxidation during the aerobic period uses DO as an electron acceptor while
NOx-N is used as the electron acceptor during anoxic COD oxidation. More aerobic
oxidation o f COD limits the electron donor for denitrification during the anoxic period.
Heterotrophic consumption o f NO 2 " is key to out-selection o f NOB. In an AvN aeration
controlled system an aerobic fraction (AFc hereafter) o f 0.5 represents that the NH 4 +-N
removal rate is lower than the NOx-N removal rate, which is the result o f lower AOB rates.
To boost AOB activity and decrease the AFc to 0.5 or lower, the system SRT has to be
increased. At an AFc below 0.5, the system can be operated at the lowest SRT (dependent
on temperature) possible. This aggressive SRT allows washout o f the NOB without
affecting the AOB. The objective o f operating at an aggressive SRT stems from the fact
that NOB washout has been proven difficult at longer SRTs due to their ability to
supplement growth with certain organic substrate (Ward et al., 2008). To maintain an
aggressive SRT for AOB and NOB, wasting was performed based on the goal o f
maintaining AFc < 0.5. A program was devised with predefined minimum and maximum
wasting rate, which results in the desired range o f SRTs. If the AFc was below 0.5 the
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wasting rate was increased and if it was greater than 0.5 the wasting rate was decreased
(Figure 20). This was done by a PID controller. The system can operate at an AFc much
lower than 0.5, if AOB enrichment occurs at the lowest predefined SRT. It is important to
note that AFc set-point o f 0.5 is specific to the system o f this study and could be different
for other systems with different influent characteristics. Also, if anammox is the primary
mechanism for nitrogen removal, this could be different.

YES
AFc >0.5

Decrease wasting rate

NO

Increase wasting rate

Figure 20. Graphic representation o f PID logic o f AvN SRT control. AFc is AvN aeration
controlled aerobic fraction.

3.4 In-situ and Ex-situ Measurements for Assessing Nitrogen Removal Performance

AOB-NOB Maximum Activity Measurement
To measure AOB and NOB activity, 4 L samples were collected and dispensed into 4L
vessels from the AvN process and aerated for 30 minutes to oxidize excess COD, spiked
with 20-30 mg/L NFLf-N (as ammonium chloride) and 2-4 mg/L N 02‘-N (as sodium
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nitrite), respectively and sampled continuously for 1 hour at 20-minute intervals.

All

collected samples were analyzed for NH 4 +-N, NCh'-N, and NCb'-N. Mixing was provided
by a magnetic stir bar. The dissolved oxygen was maintained between 2.5 and 4 mg O 2 /L.
pH was maintained between 7-7.5 by adding sodium bicarbonate. The AOB and NOB rates
were calculated as the slope o f NOx-N produced and NCb'-N produced respectively.

AMX Maximum Activity Measurement
To measure Anammox activity, the Anammox MBBR Reactor was isolated from the
system. Approximately 15 minutes o f mixing was performed to allow the consumption o f
excess COD. A sample was taken at time 0 for sCOD, NH 4 +-N, N02'-N, and NCb'-N. The
MBBR was then spiked with 10 mg/L NH 4 +-N (as ammonium chloride) and 8 mg/L NC>2 "N (as sodium nitrite) and sampled continuously at 20-minute intervals until the N02'-N
was less than 1.5 mg/L NCh'-N. On the last sample o f the activity measurement, a sCOD
sample was taken along with NH 4 +-N, N02'-N, and N 0 3 '-N. The dissolved oxygen was
maintained less than 0.01 mg O 2 /L and was recorded at 20 minute intervals. The pH was
recorded at 20 minute intervals as well. Ammonia uptake and nitrite uptake rates were
calculated as the slope o f th eN H 4 +-N andNCh'-N values taken during the activity
test. Nitrate production rates were calculated as the slope o f the NC>3 ‘-N production.

Biomass Density
Biomass density measurements o f the anammox media were conducted on an
approximately bi-weekly basis. Total biofilm solids on the media were measured by
collecting media samples from the top o f the completely mixed MBBR reactor. Aluminum
pans were weighed and the initial weight was recorded. Pans were filled with six pieces of
media and dried in an oven at 105 °C for > 1.5 hr. After drying, the pans were moved to a
desiccator to cool to room temperature for > 30 minutes. The pans plus media were then
weighed and recorded. The media was then removed from aluminum pans and placed into
a 500 mL Erlenmeyer flask containing 200 mL o f concentrated IN H2SO4, which was
capped and shaken vigorously for approximately 30 seconds. The flask was then placed on
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a stir plate for a minimum o f two hours. After two hours, the media was cleaned off by
running tap water through the media pieces and scrubbed with a small pipe cleaner. The
empty pans were reweighed and their values were recorded. The media was placed into the
pans and placed into the oven at 105 °C for > 1.5 hr. After drying, the pans were moved to
a desiccator to cool to room temperature for > 30 minutes. The pans with the media were
then weighed and recorded. The difference in initial and final weight was used to calculate
the biomass on the carriers. To calculate the unit biomass (biomass per m2 o f surface area
available) the biomass weight was divided by the number o f elements sampled and
standard conversions for the number o f elements per cubic meter and square meters o f
surface area per cubic meter is used as shown in equation 19.

Unit Biomass (g/m2) = Weight o f attached biomass (g) * (114,000 elements/m2) /
(Number o f elements samples x500 m2/m 3)

(19)

Nitrifier Rate Measurements as a Function of DO
To determine AOB and NOB rates as a function o f DO, an isolated reactor batch test was
performed. The AvN CSTR was isolated and aerated for > 1 hour to remove all COD
present. The reactor was analyzed for NH4 +-N, N02'-N and N O f-N , and then spiked with
a solution o f NH 4 + and NO 2 '. The reactor was aerated for one hour at a DO level o f 0.1 mg
O 2 /L. Samples were taken every 15 minutes and analyzed for NH4 +-N, N02'-N and N O 3 '-

N. AOB rates were calculated as production o f NOx-N/L/d. NOB rates were calculated as
production o f N 0 3 "-N/L/d. This was repeated at DO levels o f 0.3, 0.6, 1.2, and 2.0 mg
O 2 /L. The entire experiment was performed 3 times, with the results averaged and plotted.

Sample Collection and Analysis
Performance was monitored by collecting 24-hour flow-weighted composite samples from
the influent and effluent. The samples were analyzed for COD, sCOD, TSS, TVSS, N H 3 +-
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N, NO 2 -N, N O f-N , TP, OP, total Kjeldahl nitrogen (TKN), and alkalinity. TSS, TVSS,
TP, and TKN were analyzed by the HRSD’s central environmental laboratory (CEL) using
Standard Methods. Composite samples were also analyzed on-site at the pilot, all on-site
analysis was done with Hach test kits, except TSS which was done by Standard Methods.
Grab samples were routinely taken from each tank and analyzed for N H 3 +-N, N 0 2 '-N,
N 0 3 '-N, OP using Hach kits; and SVI by Standard Methods. The list methods used in the
study with references can be found in Table A1 and Table A2.

Analytical Methods

Ammonia H AC H Test Kit
The HACH Test kit used for ammonia analysis was the HACH Test N ’ Tube Plus (TNT
Plus) 832, high range (2 to 47 mg/L NH 3 -N). This test kit uses the Salicylate Method
10205 in which ammonium ions react with hypochlorite ions and salicylate ions in the
presence o f sodium nitroprusside as a catalyst to form indophenol. The amount o f color
formed is directly proportional to the ammonia nitrogen present when measured at 690 nm.

Nitrate H ACH Test Kit
Nitrate analysis was conducted using HACH Test N ’ Tube Plus (TNT Plus) 835 (low
range, 0.23 to 13.50 mg/L NO 3 -N) and 836 (high range, 5 to 35 mg/L N O 3 -N). Both kits
use the Dimethylphenol Method 10206 in which nitrate ions in solutions containing
sulfuric and phosphoric acids react with 2,6-dimethylphenol to form 4-nitro-2,

6

-

dimethylphenol. Tests were measured at 345 nm. Prior to performing nitrate analysis,
nitrite concentrations were verified. If the sample contained over 2.0 mg/L NO 2 -N, 50 mg
o f sulfamic acid (amidosulfonic acid) were added to 5.0 mL o f sample, dissolved, and
allowed to wait for
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minutes to prevent interference.
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Nitrite H ACH Test Kit
For samples with nitrite concentrations ranging from 0.003 to 0.500 mg/L NO 2 -N HACH
TNT Plus LR (low range) was used. Method 10019 is a diazotization method, in which the
nitrite in the sample reacts with sulfanilic acid to form an intermediate diazonium salt.
This couples with chromotrophic acid to produce a pink colored complex directly
proportional to the amount o f nitrite present when measured at 507 nm.
For samples with nitrite concentrations ranging from 0.6 to 6.0 mg/L NO 2 -N the HACH
TNT Plus 840 (high range) Method 10237 was used. Nitrite in the sample reacts with a
primary aromatic amine in acidic solution to form a diazonium salt. This couples with an
aromatic compound to from a colored complex that is directly proportional to the amount
o f nitrite present. Test results were measured at 515 nm.

Ortho-Phosphate HACH Test Kit
Orthophosphate was measured with HACH TNT PhosVer 3 Method (Method 8048),
ranges from 0.06 to 5.00 mg/L PO 4 3'. Orthophosphate reacts with molybdate in an acid
medium to produce a mixed phosphate/molybdate complex. Ascorbic acid then reduces the
complex, giving an intense molybdenum blue color, measure at 880 nm.

COD H ACH Test K it
COD was measured using COD TNT plus HR, LR and ULR (Method 8000). In this
procedure, the sample is heated for two hours with a strong oxidizing agent, potassium
dichromate. Oxidizable organic compounds react, reducing the dichromate ion (Cr 2 0 7 2') to
green chromic ion (Cr3+). When the 0-150 mg/L colorimetric method is used, the amount
o f Cr6+ remaining is determined. When the 0-1,500 mg/L or 0-15,000 mg/L colorimetric
method is used, the amount o f Cr3+ produced is determined. The COD reagent also
contained silver and mercury ions. Silver is a catalyst, and mercury is used to complex the
chloride interference.
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Molecular Analysis
The methods o f molecular sample collection and preparation for AOB, NOB and AMX is
presented in A l and A2. DNA and RNA extraction was conducted using the DNeasy and
RNeasy mini kits (Qiagen, CA). Resulting DNA and RNA concentrations and quality
were initially checked by UV spectrophotometry (Varian, CA). The abundance o f AOB
and NOB was quantified via SYBR® Green chemistry quantitative polymerase chain
reaction (qPCR) assays, NH 4 + monooxygenase subunit A (amoA) gene (Rotthauwe et al.,
1997), Nitrobacter 16S rRNA gene (Graham et al., 2007) and Nitrospira 16S rRNA gene
(Kindaichi et al., 2007), respectively.

Total bacterial abundance was quantified using

eubacterial 16S rRNA gene targeted primers (Ferris et al., 1996).

qPCR assays were

conducted on a iQ5 real-time PCR thermal cycler (BioRad Laboratories, Hercules, CA).
Standard curves for qPCR were generated via serial decimal dilutions o f plasmid DNA
containing specific target gene inserts. qPCR for standard plasmid DNA and sample DNA
were conducted with duplication and triplication, respectively.

DNA grade deionized

distilled water (Fisher Scientific, MA) was used for non-template control.

Primer

specificity and the absence o f primer-dimers were confirmed via melt curve analysis of
each and every qPCR profile.
DNA extraction was conducted using the DNeasy mini kit (Qiagen, CA). Resulting DNA
concentrations and quality were measured by Nanodrop Lite UV spectrophotometry
(Thermofisher, MA). The abundance o f AMX was quantified via SYBR® Green chemistry
quantitative PCR (qPCR) assays targeting AMX 16S rRNA gene (van der Star et al.,
2007). C. “Brocadia fulgida” specific qPCR assay was applied based on the highly variable
region o f the hzsA gene (Park et al., in submission). qPCR primers were used with TaqMan
chemistry (forward, 5’-AGT TAG TGA GTG TGG ATG GCG TGT-3’; reverse, 5’-TCA
TCC TGC GTG AGG AAC TTG TCA-3’; probe, 5’-/56-FAM/AT TCA GCC G/Zen/T
GCG TAC ACC AGC TTG CTT /3IABkFQ/-3’) (IDTDNA, IA).
qPCR assays were conducted on a iQ5 real-time PCR thermal cycler (BioRad
Laboratories, CA). Standard curves for qPCR were generated via serial decimal dilutions
o f plasmid DNA containing specific target gene inserts. qPCR for standard plasmid DNA
and sample DNA were conducted with duplication and triplication, respectively. DNA
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grade ddH 20 (fisher Scientific, MA) was used for non-template control. Primer specificity
and the absence o f primer-dimers were confirmed via melt curve analysis.

3.5 Measurement of NCh' Using Spectral Sensor
The ability to measure nitrite with an insitu sensor is critical because nitrite accumulation
is desired to control the nitrite-shunt mechanism. An optical in situ ultra violet light sensor
(Spectro::lyser, s::can Messtechnik GmbH, Vienna, Austria) was used to measure nitrite
and nitrate in the AvN CSTR because o f its ability to discriminate nitrite when high
background nitrate concentrations are present.

Reference samples for analyses in the

laboratory were taken three times a week. The sensor was claribrated as necessary (3-4
times) during the study and cleaned at least once a week with DI water. The performance
o f the Spectro::lyser was compared over 8 months against those o f grab samples analyzed
for nitrite using the Hach colorimetric method. These data are shown in Figure 21.
The 95 percent prediction interval for nitrite was ±1.9 mg NCh'-N/L at a mean laboratory
measured value o f 3.9 mg NCh'-N/L. Considering the relatively high TSS concentrations
in the AvN CSTR (3-4 g/L) and the difficulty o f obtaining representative grab samples in
the intermittently aerated reactor in which nitrite concentrations are constantly changing,
the results represent usable Spectro::lyser performance for the purposes o f process control.
The sensor also has the advantages o f low maintenance, no consumables and reliable self
cleaning with pressurized air.
To investigate further the impact o f TSS and nitrate on the nitrite measurement several
experiments were performed.

In one experiment the Spectro::lyser was placed in a

continuously stirred 15 L bucket containing anammox effluent (TSS = 20 mg/L)
representing the same dissolved components matrix as in the AvN reactor. Then nitrite was
added to the matrix while Spectro::lyser nitrite readings were recorded as well as grab
samples were analyzed for every corresponding measurement.
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Figure 2 1.Comparison o f nitrite measurements determined by Spectra ::lyser sensor versus
grab samples from the AvN reactor.

The background nitrate concentration was kept constant at 2 mg NCb'-N/L. In the next
experiment nitrite addition was repeated with MLSS from AvN CSTR (TSS= 3.6 g/L). In
Figure 22, it can be seen that at low TSS concentrations correlation coefficients between
the sensor measurement and laboratory values were better than at high TSS concentrations.
However, the high TSS data suggest that these readings will suffice to determine trends in
relative differences in nitrite concentrations and therefore provide continuous tracking o f
reactor performance.
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Figure 22. Spectro::lyser sensor readings vs. laboratory nitrite measurements (left: with
TSS = 20 mg/L, right: with TSS =3.6 g/L).

To test the Spectro::lyser’s ability to differentiate between nitrite and nitrate, a 15L bucket
containing anammox effluent (TSS= 20 mg/L) was spiked with a range o f nitrate
concentrations (1.8, 4.6, 7.3, 9.6, 13.4 mg NCb'-N/L) while maintaining nitrite at 0.8 mg
NC>2 '-N/L. Then, the bucket was spiked with a range o f nitrite concentrations (0.8, 2, 5,
9.3, 14.4 mg NCh’-N/L) while maintaining nitrate at 2 mg N O 3 -N/L. Figure 23 shows that
discrimination between nitrite and nitrate was acceptable to the extent that it did not affect
the measurements in the nitrate and nitrite concentrations range encountered during this
study.
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CHAPTER 4

DEVELOPMENT OF NOVEL NITROGEN REMOVAL TECHNOLOGIES - AvN

4.1 Background
Conventional nitrogen removal technologies evolved from conventional activated sludge
(CAS) systems for carbon removal. When a CAS plant is required to comply with effluent
nitrogen standards, a huge capital and operating cost is incurred. Typically, the plant
footprint for biological nitrogen removal (BNR) is increased with the addition o f aeration
tank capacity and subsequent electricity consumption from aeration, pumping, and mixing
is also increased. Also larger quantities o f chemicals for supplemental carbon and
alkalinity must be provided. Further, the greenhouse gas (GHG) emissions associated with
the latter renders the carbon footprint o f the plant unsustainable. The raw wastewater
contains energy in the form o f indigenous carbon which is more than the energy needed for
the treatment. However, conventional combined carbon and nitrogen systems are woefully
inefficient in using the inherent wastewater carbon. In fact, a large portion o f influent
carbon is mineralized aerobically at the expense o f aeration energy and to achieve
sufficient denitrification external carbon is added. Furthermore, the added complexity with
nitrogen removal exerts a huge burden on operators. To cope with this while concurrently
meeting stringent nitrogen discharge permits, conventional BNR plants are designed with a
large factor o f safety.
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The primary driver for BNR innovations has been changes in regulations. So far these
innovations are based on incremental changes to the original concept and can be qualified
as evolutionary rather than revolutionary. Consequently, the status quo o f nitrogen removal
technologies

from

plant-wide

sustainability

perspective

has

plagued

widespread

application o f BNR. This chapter focuses on innovative BNR technologies that are the
subject o f full non-provisional patent applications that were developed as part o f this
project

(US20140069863A1,

US20140069864A1,

US20140091035A1,

and

WO2014043547A1). These patents support a host o f highly sustainable BNR technologies
that are compatible with existing and new infrastructure.

4.2 Main Foundation for AvN BNR Technology Development
The main focus o f innovation is based on the selection o f specialist organisms, which
provide a more sustainable pathway for biological nitrogen removal, using reliable process
control strategies that leverage modern advances in instrumentation, control and
automation (1CA) (Figure 24). These technologies also make use o f existing facilities and
can be tailored to different influent wastewater characteristics and effluent discharge
permits.
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Figure 24. Main features o f innovative AvN BNR technologies.

The innovative solutions target a wide-range o f applications from improved performance
o f conventional nitrification-denitrification to systems performing combinations o f
nitritation-denitritation and anammox. The main benefit o f short-cut nitrogen removal
processes lies in carbon savings for denitrification (Figure 25). Therefore, short-cut
nitrogen removal reduces the carbon requirement and offers opportunity to capture carbon
upstream. The upstream carbon concentration process can use a combination o f highly
efficient (small foot-print, low energy consumption) aerobic and anaerobic processes to
produce electricity. The efficiency o f carbon removal technologies can range from 20 80%, while combination o f these technologies can result up to 90% removal efficiency.
When a high rate activated sludge process (HRT = 30 mins, SRT < 0.5 d, DO = 0 - 0 . 5 mg
O 2 /L) is used to concentrate carbon, a carbon removal efficiency o f 30-75% can be
expected. Selection and optimization o f carbon removal technologies mostly depends on
plant facilities and effluent nitrogen discharge permits.
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Figure 25. C/N ratio requirements for nitrogen removal for conventional and short-cut
nitrogen removal pathways (Daigger et al., 2014).

4.3 AvN Technology
AvN technologies include operational and process control strategies (AvN strategies
hereafter) as well as reactor configurations for novel short-cut nitrogen removal schemes.
NOB out-selection under mainstream conditions is the core o f the technology. AvN
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strategies for NOB out-selection when typical sidestream conditions, such as high
temperature and high free ammonia, are not available include the following:
1. Maintain residual effluent ammonia.
2. Operate at high DO (typically greater than 1.2 mg O 2 /L)
3. Rapid transition between anoxic and aerobic conditions
4. Aggressive SRT (i.e., short SRT)
5. Bioaugmentation o f AOB and AMX
The results o f AvN strategies for NOB out-selection and underlying mechanisms are
presented and discussed in great depth in Chapters 6 and 7. The first three strategies are
very important and are executed by AvN aeration control (see Chapter 3). AvN SRT
control is a manual or automated strategy o f wasting such that SRT is close to AOB
washout SRT. The main principle o f AvN SRT control is that maintaining aggressive SRT
would out-select NOB that are stressed by strategies 1-3. The description and results
associated with automated AvN SRT control can be found in Chapter 3 and Chapter 8. The
fifth strategy is to bioaugment sidestream generated AOB and AMX to the mainstream.
AOB

bioaugmentation

allows

shorter

SRTs

for NOB

out-selection

and

AMX

bioaugmentation and subsequent retention in mainstream offers deammonification
pathway for nitrogen removal. Effluent quality o f AvN systems depends on the extent o f
NOB out-selection, influent C/N ratio, and the main pathway o f biological nitrogen
removal. The effluent o f AvN systems are expected to contain varying concentrations o f
NH 4 +-N, NO 2 -N, and NO 3 -N and may require further nitrogen polishing to meet very low
effluent nitrogen discharge permits. When AvN systems are coupled with add-ons for
nitrogen polishing they are referred to as AvN+. The use o f an anammox MBBR to polish
nitrogen from the effluent o f nitritation-denitritation system is presented in Chapters 7 and
8.

Selection of AvN Technologies for Nitrogen Removal
There are several factors that play a role in determining the most viable AvN technology
for nitrogen removal, including, but not limited to, existing infrastructure (e.g. primaries,
anaerobic digesters, effluent filters, disinfection process etc.), level o f nitrogen removal
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required, and influent wastewater characteristics- most notably the influent C/N ratio. The
two major considerations that determine the carbon management and ultimately the C/N
ratio available for nitrogen removal are 1) solids management technology and 2) effluent
quality standards. When wastewater treatment plants use incinerators or any other
technologies to manage solids with no heat or energy recovery (incinerator plants
hereafter), there is no incentive to capture more carbon and also there is no opportunity to
employ sidestream deammonification. However, for wastewater treatment plants with
anaerobic digesters (digester plants hereafter) more carbon re-direction could increase the
capacity for energy production. The reject waste stream from the anaerobic digester
presents an opportunity for sidestream deammonification to reduce the nitrogen load to the
main plant. It is important to note that sidestream deammonification offers the potential to
bioaugment AOB and AMX to mainstream to facilitate nitritation-denitritation and
deammonification, which is not available in an incinerator plant.
Depending on geographical location and type o f receiving water body, wastewater
treatment plants are required to meet different effluent nitrogen discharge permits. For
example, many o f HRSD’s wastewater treatment plants discharging into Chesapeake Bay
are required to remove total nitrogen but there is no ammonia discharge limit. However,
there are many other wastewater treatment plants imposed with very low effluent ammonia
discharge permits. Consequently, these requirements dictate the selection o f AvN process
control strategies and nitrogen polishing add-ons. The influent C/N ratio to the nitrogen
removal step can also be used as a general guideline for selecting AvN process control and
reactor configurations as seen in Table 22. Although process-specific, efficiency o f the use
of influent biodegradable carbon for nitrogen removal is suggested to be around 50%
(Grady et al., 2011). AvN aeration control strategies, which dynamically manage aerobic
and anoxic volumes according to influent load for nitrification and denitrification, improve
the efficiency o f influent carbon utilization for nitrogen removal. Further enhancement in
nitrogen removal is realized by leveraging nitritation-denitritation and deammonification
pathways.

Flowsheets and schemes that are possible with AvN technologies will be

explored in the following sections.

Table 2 2 . Im plem entation o f A v N tech n o lo g y for w id e-sca le su stain ab le B N R solu tion s.

Biological process

Nitrification-Denitrification

Nitritation-Denitritation*

Nitritation-Denitritation +
Nitrogen Polish/anammox*

Influent C/N ratio

>10

5 to 10

3 to 8

Main action

Dynamically optimize
anoxic/aerobic volume

Dynamically optimize
anoxic/aerobic volume

Dynamically optimize
anoxic/aerobic volume

NOB out-selection

NOB out-selection
Nitrogen polish, AMX and/or
AOB bioaugmentation

Benefits

Control

Improvement o f efficiency o f
influent carbon utilization for
denitrification

Low carbon required for
nitrogen removal

Very low carbon required for
nitrogen removal

Reduction in supplemental
carbon

Opportunity for upstream
carbon capture and electricity
production

Opportunity for upstream carbon
capture and electricity production

Tighter design criteria

Small tank volume

Small tank volume

Reduced supplemental
alkalinity

Reduced supplemental
alkalinity

Reduced supplemental alkalinity

AvN aeration control and AvN
SRT control (optimized for
effluent ammonia limit if
needed)

AvN aeration control and
AvN SRT control optimized
for NOB out-selection and/or
effluent ammonia limit

AvN aeration control and AvN
SRT control optimized for NOB
out-selection

AOB and AMX bioaugmentation
from sidestream deammonification
♦Depending on extent o f NOB out-selection, nitrogen removal via nitrification-denitrification can occur.
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Incinerator Plant with Moderate TN limit and No or Low Ammonia Limit
In this case, upstream carbon removal can save volume for nitrogen removal. The lower
C/N ratio for nitrogen removal resulting from carbon removal can be alleviated by using
AvN (NH 4 -NOx) aeration control to meet an effluent TN limit if there is no ammonia
limit. AvN (NH 4 ) control can be used to meet low effluent ammonia limit. The process
flow-sheet for this scenario is presented in Figure 26.

Carbon Removal

AvN

Figure 26. AvN flowsheet for incinerator plant with moderate TN limit and no or low
ammonia limit.

Incinerator Plant with Low TN limit and No or low Ammonia Limit
In this case, upstream carbon removal can save volume for nitrogen removal. The lower
C/N ratio for nitrogen removal resulting from carbon removal will require short-cut
nitrogen removal to meet effluent TN limits. A final nitrogen polishing step may be
necessary to meet low TN and low ammonia limits. An anammox polishing process is
possible after AvN that uses optimized AvN (NFLt-NOx) aeration control to produce an
amenable effluent for anammox metabolism. The ratio o f NOx-N/NFLf-N can be
maintained such that NH 4 +-N is removed to very low levels by the anammox polishing
step. The AvN+ process flow-sheet for this scenario is presented in Figure 27.
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AvN+
Anammox Polish ^
Carbon Removal

Figure 27. AvN+ flowsheet for incinerator plant with low TN limit and no or low
ammonia limit.

Digester Plant with Moderate TN limit and No or Low Ammonia Limit
For digester plants there is an incentive to redirect more carbon for energy generation,
thus the C/N ratio to achieve even moderate TN limits can be too low. Therefore, short
cut nitrogen removal is required. The process scheme described in Figure 27 is applicable
in such a scenario as well.

Digester Plant with Low TN limit and No or Low Ammonia Limit
To meet low TN limits digester plants can employ sidestream deammonification. In such
a scenario there is incentive to redirect maximum carbon for energy recovery. Sidestream
deammonification provides an opportunity to bioaugment AOB and AMX to the
mainstream system. AOB bioaugmentation allows mainstream AvN to be operated at
very short SRT for NOB out-selection. Due to limited C/N ratio, nitrogen removal in
AvN can be low, and additional nitrogen removal may be required. When anammox is
used for nitrogen polishing, N O 3 ' production can limit the nitrogen removal. Nitrogen
removal in the anammox step can be further boosted by the addition o f limited amounts
o f carbon. Limited acetate addition (COD/NCb'-N < 1.5) to the anammox step has shown
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to result in removal o f NCb'-N and corresponding NH 4 +-N via anammox pathway
(Chapter 8). The mainstream process can also be equipped with an AMX retention
mechanism to facilitate deammonification. In such case, AvN (NFLt-NO*) aeration
control needs to be optimized to allow the anammox reaction to take place and further
polish the nitrogen. AvN+ process scheme with bioaugmentation from sidestream is
shown in Figure 28. It is not mandatory to use anammox as the nitrogen polishing step;
heterotrophs with carbon addition or other microbial groups can be employed in anoxic
conditions.

AvN+
N itrogen Polish
Carbon Removal

Anaerobic

Digester

Figure 28. AvN+ flowsheet with bioaugmentation for digester plant with low TN limit
and no or low ammonia limit.

4.4 Conclusion
AvN and AvN+ systems represent a new paradigm in sustainable biological nitrogen
removal. These systems are compatible with existing plant facilities and can be
customized to take advantages o f energy and cost saving opportunities. Intensification of
treatment is also possible and particularly attractive for urban wastewater treatment plants
constrained for space.
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CHAPTER 5

AMMONIA-BASED INTERMITTENT AERATION CONTROL OPTIMIZED
FOR EFFICIENT NITROGEN REMOVAL

Note: The contents o f this chapter have been submitted to Biotechnology and Bioengineering.

Regmi, P., Ryder Bunce, R., M iller M., Park, H., Chandran, K., Wett, B., Murthy, S.,
Bot, C., Ammonia-based intermittent aeration control optimized for efficient nitrogen
removal.

5.1 Introduction
Recently, ammonia-based aeration control using in-situ analyzers and controls has gained
popularity for significant aeration energy savings and performance improvements o f
activated sludge processes (Rieger et al., 2014). The ammonia-based aeration control has
demonstrated that aerating to nitrify just enough ammonia to meet regulations not only
saves aeration energy, but also increases capacity for denitrification and provides
alkalinity and supplemental carbon savings (Amand et al., 2013). The commonly used
ammonia-based aeration control uses 1) Feedback control with effluent NH 4 +-N
concentration to adjust DO set-point 2) Feedforward control with a model prediction
based on influent and effluent NH 4 +-N concentration to adjust both volume and DO setpoint 3) Feeback+Feedforward control (Amand et al., 2013). Moreover, there has been
renewed interest in intermittent aeration control from the perspective o f nitrite oxidizing
bacteria (NOB) out-selection (Kornaros et al., 2010, Gilbert et al., 2014) that allows for
the efficient short-cut nitrogen removal via nitrite, also referred to as “nitritationdenitritation”. Recently, alternating anoxic and aerobic conditions with step feeding was
demonstrated as successful strategy to out-select NOB in a mainstream plug-flow process
(Ge et al., 2014). The benefits o f nitritation-denitritation include decreased aeration
demand (if carbon is diverted) for nitrification and decreased carbon demand for
denitrification allowing efficient nitrogen removal.
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Effluent total nitrogen discharge standards are becoming increasingly stringent and
widespread. Therefore, there is a need for efficient and inexpensive nitrogen removal
technologies. Nitrification and denitrification in a single bioreactor with intermittent
aeration has long been recognized as an efficient scheme for nitrogen removal (Batchelor
et al., 1983). However, intermittent aeration systems that perform efficient nitrogen
removal require advanced instruments and controls that were not available in the past.
Many biological nitrogen removal (BNR) plants have strict regulations to meet, and
improved efficiency at the cost o f process stability is not justified. Historically, BNR
processes have been prone to internal and external disturbances, and a limited
understanding o f the microbial protagonists performing the desired biochemical reactions
has impeded selection o f specialist microorganisms. In recent years, BNR optimization
has been greatly aided by the new knowledge from molecular science and advancements
in instrumentation, control and automation (ICA). However, there is a huge void in
holistic integration o f these discrete optimizations to develop highly efficient BNR
systems. Hence, the sustainability o f BNR systems in the future relies greatly on the
integration o f new microbial knowledge and robust process control strategies.
Although ICA was considered in wastewater treatment from the early 1970s (Olsson et
al., 2012), ubiquitous implementation o f ICA has been late in coming to wastewater
treatment plants. The initial implementation o f ICA involved aeration control using DO
sensors and programmable logic controllers (PLC), resulting in improved biological
processes and the efficiency o f the overall system (Briggs et al., 1973). Therefore, when
online ammonia sensors became more reliable and affordable, control o f aeration based
on ammonia set-points related to the level o f ammonia removal required, burgeoned as an
effective alternative to meet increasingly stringent ammonia and nitrogen limits (Amand
et al., 2013).
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In this paper, the attempt is to explore the efficacy, simplicity, and savings related to a
novel ammonia-based intermittent aeration control for efficient nitrogen removal. It is
also intended to summarize findings o f a pilot study with intermittent aeration that was
operated at an aggressive SRT for mainstream nitritation-denitritation. The goal is also to
explore benefits and limitation o f repression o f nitrite oxidation or nitrite oxidizing
bacteria (NOB) out-selection in mainstream wastewater after partial carbon removal by a
high rate activated sludge process.

5.2 M ateria] and M ethods

AOB vs NOB (AvN) pilot
The pilot process described in this study was part o f a larger configuration including an
adsorption-style high rate activated sludge A-stage (HRT= 30 minutes, 0.1> SRT <0.25
days) for chemical oxygen demand (COD) removal providing the influent for the B-stage
AvN (Miller et al., 2012, Figure 29). The AvN pilot consisted o f two parallel trains I.
AvN CSTR (Regmi et al., 2014) followed by anammox MBBR polishing (Chapter 7) 2.
AvN 3 CSTRs in series (Figure 16). In this study, the focus is on the performance o f the
second AvN train without anammox polishing. AvN (three equal sized tanks in series)
was operated at a 4 h HRT at the flow rate o f 1.9 L/min. The total SRT was targeted to be
around 6-8 days and temperature was maintained at 25 °C during the entire study. The
aerobic SRT was controlled to achieve the desired effluent NFLf-N concentration.
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A-stage

HRAS

B-stage

A vN

Figure 29. Process flow diagram o f the A-B pilot with AvN.

The AvN consisted o f three tanks with a combined volume o f 0.45 m3 followed by a
clarifier. The individual tanks were mechanically mixed using variable speed mixers (G =
106 s '1) in order to maintain completely-mix conditions. Return activated sludge (RAS)
from the clarifier was returned to the first AvN reactor with a peristaltic pump at 100% o f
the influent flow rate. SRT was controlled by wasting solids from the last reactor with a
programmable digital peristaltic pump. The pH was recorded continuously by an online
pH probe in the last reactor. The AvN reactors were equipped with sensors to monitor
DO (Hach LDO, CO, USA), and NH4+-N (WTW, Germany). NH4+-N, and DO signals
were used to control aeration (Figure 2). There was a provision for internal mixed liquor
recycle (IMLR) from the last tank to the first AvN tank. The use o f IMLR during the
study period is documented in Table 23.
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Table 23. The use o f IMLR during the pilot study.
Fixed anoxic
volume

Intermittent
aeration volume

Days

0

100%

87

100-300%

33%

67%
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400%

33%

67%

165

IMLR
0

Startup
The AvN was seeded with nitrifying sludge from the Virginia Initiative Plant (VIP) in
Norfolk, Virginia, USA. The AvN received effluent from the high-rate A-stage (Miller et
al., 2012). Typical A-stage effluent was characterized by pH = 7.05±0.14, COD =
306±87.3 mg/L, NH 4+ = 29.7±3.9 mg N/L, COD/TKN= 6.7±1.4, Ortho-P= 3±1.2 mg P/L,
and Alkalinity = 159.7±17.1 mgCaCOs/L (Table 24). The AvN was operated at a 4 h
HRT at the flow rate o f 1.9 L/min. The total SRT was targeted to be around 6 days and
temperature was maintained at 25°C. The aerobic SRT was controlled by an online
aeration controller (by changing the aerated fraction o f the volume) to achieve the desired
effluent NH4+-N concentration.
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Table 24. Average characteristics o f AvN influent (A-stage effluent) and effluent over the
entire experimental period.
Parameter

Influent

Effluent

pH

7.05±0.14

6.8±0.2

COD (mg/L)

306±87.3

56.6±22.4

sCOD (mg/L)

128±41.9

29.1±5.9

NH4+ (mgN/L)

29.7±3.9

3.6±2.5

TKN (mgN/L)

38.5±4.6

-

COD/TKN

6.7±1.4

-

Ortho-P (mgP/L)

3±1.2

2.4±1.1

Alkalinity (mgCaCOs/L)

159.7±17.1

69.3±14.7

AvN (NH 4 ) aeration control
The first component o f AvN (NH4) aeration control was the aerobic and anoxic duration
control based on the goal o f maintaining a desired effluent N H /f-N set-point. The second
component was the DO control, which maintains the DO set-point as desired during the
aerated period (Figure 30).
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DO = set point

DO
Controller/
PLC
Aerobic
Duration
Controller/
PLC

©

N H4-N = s e tp o in t

(S )

A ir

Figure 30. AvN (NH 4 ) aeration control depicting aerobic duration controller receiving
NH4+ (WTW NH4+ ISE, Germany) signal and DO controller receiving dissolved oxygen
(Hach LDO, USA) signal. The solenoid valves (S) were used to control the length o f
aeration duration and the DO set-point.

First, the cycle duration (aerobic duration + anoxic duration), minimum aerobic duration
and maximum aerobic duration were defined such that anoxic time was greater than or
equal to 25% o f the total cycle time. Under this strategy, the user defined high and low
NH4+-N set-points which triggered changes in the duration o f aerobic time. When the
reactor NH4+-N was greater than the high NH 4+-N set-point, the aerobic duration was
increased with a delay o f 1-2 minutes until it reached the maximum aerobic duration.
Similarly, when the reactor NH4+-N was below the low NH4+-N set-point, the aerobic
duration was decreased with a delay until it reached the minimum aerobic duration. When
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the NH 4 +-N was between the high and low set-points, the aerobic duration remained
unchanged. When aerated, the DO cycled between the high and low DO set-points
through switching the air ON and OFF by a solenoid valve on the air supply to achieve an
average target DO (1.6 mg O 2 /L). The working o f this controller can be seen in Figure
31. The oscillations in NH 4 +-N and DO concentrations is the result o f the ON/OFF
controller. A PID controller would ideally be used for this type o f application.

n h 4-n

9969999698993

1253

24 hour
4

a.
2

0
4 hour

Figure 31. The working o f AvN (NF14) aeration control (NFU+-N set-point = 4-5 mg/L,
DO set-point = 1.2-1.7 mg O 2 /L).
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Influent/Effluent monitoring
Performance o f the AvN pilot was monitored by collecting 24-hr flow-weighted
composite samples from the influent and effluent. Samples were analyzed for TSS, VSS,
total and soluble COD, TKN, TP, OP, N O f-N , N O f-N , NH4+-N and alkalinity. All
relevant analytical methods for solids and liquids are presented in Table A l and Table
A2.

Microbial activity measurements
To measure AOB and NOB activity, 4 L samples were collected and dispensed into 4L
vessels from the AvN process and aerated for 30 minutes to oxidize excess COD and
spiked with 20-30 mg/L NH4+-N (as ammonium chloride) and 2-4 mg/L N 02'-N (as
sodium nitrite), respectively and sampled continuously for 1 hour at 20-minute intervals.
All collected samples were analyzed for NH4+-N, N02'-N, and N 0 3 '-N. Mixing was
provided by a magnetic stir bar. The dissolved oxygen was maintained between 2.5 and 4
mg O2 /L. pH was maintained between 7-7.5 by adding sodium bicarbonate. The AOB
rates were calculated as the slope o f NOx-N production and the NOB rates were
calculated as the slope o f N 03'-N production.

Molecular methods for microbial quantification
DNA and RNA extraction was conducted using the DNeasy and RNeasy mini kits
(Qiagen, CA).

Resulting DNA and RNA concentrations and quality were initially

checked by UV spectrophotometry (Varian, CA). The abundance o f AOB and NOB was
quantified via SYBR® Green chemistry quantitative PCR (qPCR) assays NH 4+
monooxygenase subunit A (amoA) gene (Rotthauwe et al., 1997), Nitrobacter 16S rRNA
gene (Graham et al., 2007) and Nitrospira 16S rRNA gene (Kindaichi et al., 2007),
respectively. Total bacterial abundance was quantified using eubacterial 16S rRNA gene
targeted primers (Ferris et al., 1996). qPCR assays were conducted on a iQ5 real-time
PCR thermal cycler (BioRad Laboratories, Hercules, CA). Standard curves for qPCR
were generated via serial decimal dilutions o f plasmid DNA containing specific target
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gene inserts. qPCR for standard plasmid DNA and sample DNA were conducted with
duplication and triplication, respectively. DNA grade deionized distilled water (Fisher
Scientific, MA) was used for non-template control. Primer specificity and the absence o f
primer-dimers were confirmed via melt curve analysis o f each and every qPCR profile.

Statistical analysis
Statistical comparison between variables was performed using the t-test (for a normally
distributed data set) and Mann-Whitney rank sum test (for not a normally distributed data
set) on Sigma Plot (Systat Software, San Jose, CA). Shapiro-Wilk test was used to
determine the normality o f the data set.

A p-value o f 0.05 or lower indicates that

variables being compared are statistically different at the 95% confidence level.

5.3 Results
Long-term operation
There were many operational variables that had an effect on the performance o f the Bstage; however, A-stage performance influenced the operation and performance o f AvN.
The goal o f the A-stage operation was 50% - 60% influent COD removal, but optimal
reactor design and A-stage control strategy proved to be very much a trial-and-error
process. As a result, the influent COD to the B-stage varied and was difficult to control
for much o f the pilot operation. Therefore, during the course o f the study period AvN
showed variable performance in terms o f N removal (Figure 32a).
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Figure 32. Trends o f a) influent NH 4 +-N, effluent NH 4 +-N and NO x-N b) Nitrite
accumulation ratio (NAR) and total SRT.

The influent NH 4 +-N concentration and COD/NH 4 +-N ratio fluctuated due to changes in
A-stage operations as a part o f fine tuning control over COD removal (Figure 32a, Figure
33a). The effluent NFLf-N and NOx-N variability can be seen in Figure 32a, while the
fluctuations in nitrite accumulation ratio [NAR= N 02+-N/ (N 0 2 '-N+N 0 3 '-N)] can be seen
in Figure 32b. The changes to the SRT were made constantly to keep up with the
changing influent load (Figure 32b). The TIN removal rate was 95±30 mgN/L/d for the
influent COD/NFLf-N ratio o f 10.2±2.2 at a 4 hr HRT during the study. Trends o f TIN
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removal rates and influent COD/NH 4 +-N ratios followed each other as expected (Figure
33a). The mixed liquor suspended solids (MLSS) was quite variable and followed the
trends o f the COD removal rate (Figure 33b). The variability in MLSS can be attributed
to changes in SRT and influent COD/NH 4 +-N during the study period.
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Figure 33. Trends o f a) influent COD/NFLC-N ratio and TIN removal rate b) MLSS and
COD removal rate.
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TIN removal efficiency
The influent COD/NH 4 +-N ratio impacted TIN removal efficiency which is clearly seen
from the positive correlation between these parameters (Figure 34a). The TIN removal
efficiency o f the AvN process was 66±17% during the study. Efforts were made to
explore other factors that might influence TIN removal efficiency beyond the obvious
effect o f influent COD/NH 4 +-N ratio. The results presented in Figure 34b, show that there
is a positive correlation between ex-situ maximum AOB rates and TIN removal
efficiency. The correlation is even stronger between moderate influent COD/NH 4 +-N
ratios o f 8-11. Since the anoxic and aerobic times were controlled based on the target
residual NH 4 +-N, higher AOB rates allowed more anoxic time for denitrification,
improving the overall TIN removal performance. Contrary to expectation, there was no
correlation between the extents o f NOB out-selection represented by the ratio o f
maximum AOB rate: NOB rate and TIN removal efficiency (Figure 34c). In fact, this was
true within the full spectrum o f influent COD/NH 4 +-N ratios.
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Figure 34. Correlation between TIN removal efficiency and influent COD/NH 4 +-N (a),
maximum AOB rates (b), Maximum AOB/NOB rates ratio (c).

126

The impact o f IMLR on TIN removal efficiency can be seen in Figure 35. The TIN
removal efficiency and influent COD/NFLf-N ratio were not statistically different with
100-300 % IMLR and no recycle (0% IMLR: 60±18%, 100-300% IMLR: 64±17%,
/H 3.091, 0% IMLR: 10.07±2.17, 100-300% IMLR: 9.67±2.15, /?=0.356). The TIN
removal efficiency and influent COD/NH 4 +-N ratio were greater with 400% IMLR
compared to 100-300% IMLR (400% IMLR: 74±13%, 100-300% IMLR: 64±17%,
/X 0.001, and 400% IMLR: 10.87±2.0%, 100-300% IMLR: 9.67±2.15%, p=0.003).
Therefore, it can be concluded that IMLR did not significantly improve the overall TIN
removal efficiency compared to operation where all reactors were intermittently aerated.
Although the NAR was greater when an IMLR o f 100-300% was employed, there was no
improvement in the TIN removal efficiency for similar influent COD/NH 4 +-N ratios
compared to operation without IMLR (Figure 35).
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Figure 35. Comparison o f TIN removal efficiency with influent COD/NFLf-N and NAR
at IMLR 0% (n=87), IMLR 100-300% (n=l 14), IMLR 400% (n=165).
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NOB out-selection in AvN
NOB out-selection was inferred through ex-situ AOB and NOB maximum activity
measurements, NAR, and targeted molecular analysis for bacterial populations. The AOB
activity was greater than NOB activity (AOB: 400±79 mgN/L/d, NOB: 257±133
mgN/L/d, p<0.001) during the entire study. The results o f targeted molecular analysis for
AOB, NOB (Nitrobacter sp. and Nitrospira sp.) and total bacterial population clearly
showed the declining trend for NOB population during the period o f low ex-situ NOB
activity (Figure 36). The trends o f NAR can be seen in Figure 32c and averages in Figure
35.
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Figure 36. Trends o f microbial populations (AOB, NOB and total bacteria) presented as
copies o f DNA per mL o f sample from targeted qPCR (a) and weekly AOB and NOB
activities (b).
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5.4 Discussion
Single-tank nitrogen removal
It was showed that internal recycle was not necessary for improved performance in terms
o f nitrogen removal within the AVN concept o f intermittent aeration. It was believed that
an intermittently aerated single-stage nitrification/denitrification system can be an
efficient way to maximize nitrogen removal while minimizing aeration volume, aeration
demand, supplemental carbon and alkalinity addition (Bishop et al., 1976, Batchelor,
1983, Hao et al., 1996). However, due to the complexity associated with controlling
nitrification and denitrification in the same reactor, application o f such a system was
limited to simulation studies (Batchelor, 1982). Further, the need for sophisticated ICA
prevented single-stage nitrogen removal from being implemented at any significant scale
in the past. In this study, through the use o f accurate sensors and process control
strategies single-stage nitrogen removal was shown possible. In fact, it was also
demonstrated that managing aerobic and anoxic volumes (aeration duration control)
dynamically to deal with non-steady influent results in efficient nitrogen removal.
One such example is the optimum aerobic volume control concept (OAV-control
concept), which is a control strategy that is capable o f adjusting the aerobic and anoxic
volume

required

for

complete

nitrification

and

subsequent

maximization

of

denitrification (Svardal et al., 2003). It uses the measured airflow rate and DO
concentration to change the aerobic volume to the N H 4 +-N load. Therefore, the anoxic
volume is maximized with the goal o f complete nitrification. The OAV-control concept
was implemented successfully at the Linz-Asten WWTP (Austria), where effluent N H 4 +N o f <1 mg NL and 70% to 80% total nitrogen removal was achieved. This strategy also
demonstrated the capacity to deal with NH 4 +-N peak loads. Another example is the
BioDenitro (nitrification-denitrification) system that cycles the tank volumes through
aerobic and anoxic conditions, utilizing the full reactor volume for nitrification and
denitrification (Ingildsen, 2002). The Himmark WWTP (Denmark) was able to increase
the treatment capacity by 33% with the BioDenitro concept that involved a control
scheme based on on-line NH 4 +-N sensors to adjust the relative length o f the aerobic and
anoxic phases, and improvements to the aeration and SCADA systems (Ingildsen, 2002).
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The Marselisborg WWTP (Denmark) is an A/B system, where B-Stage is operated as
BioDenitro.

The Marselisborg plant, operating under COD-limited conditions, has a

similar aeration control scheme and was able to reduce average effluent total nitrogen
from 7.8 mgN/L to 5.1 mgN/L (Sorensen et al., 1994).

Aeration schemes for optimized N removal
The ammonia-based strategy in AvN is based on volume control as opposed to the more
commonly seen aeration intensity control with DO set-points. Although the two
controllers are different because o f their different goals, they both involve limiting
complete nitrification for increased denitrification and aeration energy savings. NHT-N
and NOT -N oxidation follows a typical Monod curve, which suggests a linear increase in
nitrifier activity with increasing DO to a certain point (e.g., 2 mg 0 2 /L) and increasing
DO beyond this point has no added benefit since the nitrification rate is kinetically
limited by the nitrifier concentration. The nitrifier concentration in a system is
determined by the average influent NTLf-N load and can only change in a matter o f days.
Therefore, the NFLf-N control based on increasing the aeration intensity is limited by the
aerated fraction o f nitrifiers in a system. However, this limitation can be alleviated by
increasing the aerated volume such that more nitrifiers are active.
The use o f volume control (e.g., switching swing zones) is often based on the influent
NH 4 +-N load, also known as feedforward control. Feedforward volume control could be a
robust tool to provide protection against the influent peak NH-f-N loads compared to
feedback control which might be slower to react in such situations. The aeration strategy
of cycling the reactor through controlled aerated and un-aerated periods based on effluent
NH 4 +-N provides the similar control authority as volume control. Further, the DO was set
at 1. 6 mg 0 2/L based on the finding that the AOB rates were higher than NOB rates at
this DO (Regmi et al., 2014); similar observations were made in a bench-scale study at
the DCWater Blue Plains WWTP (Al-Omari et al., 2012) and at the full-scale pilot at the
Strass WWTP (Wett et al., 2012). Therefore, in this study’s strategy, aeration intensity
was not changed by changing DO set-points, and rather the aerobic volume was changed
while the DO set-point was a constant (1.5 mg 0 2 /L). Furthermore, low DO operation has
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been linked with high emissions o f N 2 O (Kampschreur et al. 2009) and favoring
filamentous microorganisms, which could adversely impact sludge settleability (Martins
et al. 2004).
The primary advantages o f volume control are the ability to provide control authority
during the high NH 4 +-N loads by increasing the active nitrifiers in the systems and to
provide denitrification and aeration savings during low NH/f-N loads. Therefore, volume
control can play an important role in balancing total N removal by better utilizing the
plant capacity for both nitrification and denitrification. This flexibility and optimization is
not available in conventional systems where nitrification and denitrification volumes are
fixed regardless o f the influent loads and operating conditions.

NOB out-selection and TIN rem oval efficiency
Nitritation-denitritation achieved through out-selection o f NOB has been associated with
a reduction in the amount o f internal and supplemental carbon and energy required for
nitrogen removal. However, internal carbon and energy savings can only be realized if
the excess influent carbon is diverted away from the nitrogen removal step through the
use o f a carbon redirection step. If not, redirected carbon will be oxidized aerobically,
which precludes the benefits o f nitritation-denitritation. We showed that the use o f on
line controllers (developed in this study) allows measured control over the aerobic SRT
to meet the desired effluent M T f-N set-point. The implication o f controlling aerobic
SRT to the minimum that is required to meet the target effluent N H 4 +-N quality allows
the overall system to be operated at an aggressive total SRT. It is clear that in an
intermittent aeration system maintaining an AOB/NOB rate differential causes N O 2 -N to
accumulate during the aerated period which is consumed by heterotrophs during the
subsequent un-aerated period. As a result, NOB growth is limited due to the N O 2 ' -N
consumption by heterotrophs. Therefore, operating at an aggressive SRT could cause a
slight AOB wash-out, however, it eliminates NOB that were already limited in terms of
their preferred substrate.
In this study, NOB out-selection did not result in higher nitrogen removal efficiencies for
a similar influent COD/NH 4 +-N ratio in an intermittently aerated system. This could
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result from the fact that longer periods with a high degree o f NOB out-selection and
concurrent high AOB rates were not sustained. However, NOB out-selection and nitrite
accumulation allows for downstream anammox polishing, which can provide additional
nitrogen removal without aeration and supplemental carbon addition (Chapter 7).

5.5 Conclusion
Aeration control based on direct measurement o f NH 4 +-N in the bioreactor has proven to
be highly effective to reduce aeration energy and increase denitrification capacity o f BNR
systems. In this study, a novel aeration strategy that controlled the aerobic time (while
maintaining anoxic time > 25% total cycle time) based on the in-situ effluent NH 4 +-N setpoint was implemented. The success o f this aeration strategy led to realized NOB outselection and nitrogen removal through the nitrite pathway at ambient temperature. NOB
out-selection did not improve the TIN removal efficiency, as was expected. However, the
advantages o f NOB out-selection can be capitalized by employing downstream anammox
polishing, which offers efficient nitrogen removal without oxygen and supplemental
carbon.
The benefits o f volume control includes 1) control authority at high loads to attenuate
effluent NH 4 +-N peaks 2) instant increase in nitrification capacity (not possible with
increasing DO set-point) 3) increased denitrification capacity and reduced aeration for
nitrification at low loads. The model based feedforward control is mostly used to achieve
volume control, which adds extra sensors and complexity. The aeration strategy used in
this study achieved the benefits o f volume control without the drawback o f feedforward
control.
Therefore, this study demonstrates a novel aeration strategy that expands the benefits o f
long established ammonia-based aeration control.
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CHAPTER 6

CONTROL OF AERATION, AEROBIC SRT AND COD INPUT FOR
MAINSTREAM NITRITATION/DENITRITATION

Note: The contents o f this chapter have been published in Water Research. Regmi, P., Miller,

M.W., Holgate, B., Bunce, R., Park, H., Chandran, K., Wett,B., Murthy, S., Bott, C.B.,
Control o f aeration, aerobic SRT and COD input for mainstream nitritation/denitritation,
Water Research (2014), 57,162-71.

6.1 Introduction
Biological nitrification and denitrification are commonly used to remove nitrogen from
wastewater (Grady et al., 1999). Since the inherent organic carbon present in wastewater
is not always enough for complete nitrogen removal through nitrification and
denitrification, supplemental organic carbon is used ubiquitously (USEPA, 2013).
Nitritation-denitritation, which avoids the oxidation o f nitrite to nitrate by nitrite
oxidizing bacteria (NOB) and allows for the reduction o f the formed nitrite to dinitrogen
gas by heterotrophic denitrification, could decrease the organic carbon demand for total
nitrogen removal by 40%. Additionally 25% o f the aeration costs can be saved by
avoiding nitrite oxidation (Turk et al., 1986).
The implementation o f nitritation/denitritation is successfully applied in highly loaded
sidestream processes (van Kempen et al., 2001). High removal efficiencies and efficient
NOB out-selection is achieved by high temperature, low DO, low solids retention time
(SRT) and free ammonia (FA) inhibition (Anthonisen et al., 1976, Hellinga et al., 1998,
Joss et al., 2009, Van Dongen et al., 2001). Ahn et al. (2008) showed that sidestream outselection o f NOB is possible at lower temperatures (20°C), primarily based on a
combination o f FA inhibition and limiting overall SRT. However, since the above
mentioned factors are not available for typical wastewater streams (hereafter termed
mainstream), NOB out-selection becomes challenging. The use o f approaches such as

134

online aeration control that terminates aeration close to the completion o f ammonium
oxidation has been shown to be effective for NOB out-selection in batch processes (Peng
et al., 2007, Lemaire at al., 2008, Gao et al., 2009, Zeng et al., 2009). Detailed modeling
of an intermittent aeration profile for nitritation in SBRs is presented by Bournazou et al.
(2013). However, the usefulness o f this strategy for achieving nitrite accumulation
remains unknown (Peng et al., 2012), and is considered difficult for continuous processes
(Ma et al., 2009, Zeng et al, 2010) because o f challenges associated with systems with
process control compared to transiently loaded systems.
To obtain successful nitritation/denitritation, a differential between ammonia oxidizing
bacteria (AOB) and NOB rates should be obtained to be able to wash out NOB based on
SRT control (Table 26). When no inhibition factors are available to out-select NOB, the
AOB-NOB differential can only be obtained by optimal oxygen and nitrogen substrate
levels, as based on their individual Monod kinetics. Chandran et al. (2000) showed that
NOB have a higher affinity for nitrogen substrates than AOB. Additionally, in
mainstream conditions Nitrospira sp., which have higher affinities for N O 2 ' and DO, are
more abundant than the Nitrobacter sp. (Juretschko et al., 1998, Schramm et al., 1998,
Daims et al., 2001). This abundance o f Nitrospira sp. implies that one way to achieve this
differential is by simultaneously imposing non-limiting NO 2 ' and DO concentrations to
out-select Nitrospira sp. and non-limiting NH 4 + concentrations to selectively enrich for
AOB. Indeed, operation at a DO concentration o f 1.5 mg O 2 /L was shown to be
successful for mainstream deammonification, which is also based on efficient NOB outselection (Wett et al., 2012, De Clippeleir et al., 2013).
Building upon these past observations, this study proposes a novel online control strategy
maintaining an ammonium residual and high DO concentration to allow for minimum
aerobic SRT control. The latter is inferred to be the key in obtaining successful
nitritation/denitritation under mainstream conditions. As an ammonium residual is
considered essential for NOB out-selection (Knowles et al., 1965, Chandran et al., 2000),
a final polishing step by anammox for residual ammonia removal is targeted. Therefore,
an effluent quality with an ammonium to NOx ratio o f 1:1 is preferred and included in the
online control. Maintaining ammonium to NOx ratio o f 1:1 provides optimum alkalinity
conditions for higher AOB rates (Wett et al., 2003), and therefore optimum nitritation and
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NOx reduction, which results in higher N-removal for a given influent COD/N ratio and
total SRT.

6.2 M aterial and M ethods
AOB versus NOB (AvN) pilot
The pilot process described in this study was part o f a larger configuration including a
high rate activated sludge A-stage (HRT= 30 minutes, SRT = 0.25 days) for COD
removal providing the influent for the AvN reactor (Miller et al., 2012) and a post anoxic
anammox moving bed bioreactor after the AvN reactor (Figure 37) allowing for a final
polishing o f the treated sewage. In this study, we will focus only on the performance and
operation o f the AvN pilot.

B-stage (AvN+)

A-stage

HRAS
AER

AvNCSTR
PCL

Anammox MBBR
SCL

ANX

Figure 37. Process flow diagram o f the A-B process pilot.

The AvN process included a single 340 L aeration tank operated as a continuously-stirred
tank reactor (CSTR) followed by a clarifier. This tank was equipped with a variable
speed mixer (300 rpm) in order to maintain complete-mix conditions. Return activated
sludge (RAS) from the clarifier was returned to the AvN CSTR with a peristaltic pump at
100% o f the influent flow rate. SRT was controlled by wasting solids from the bioreactor
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with a programmable digital peristaltic pump. The AvN CSTR was equipped with
sensors to monitor NO 3 ', N 02‘ (s::can Spectro::lyser, Austria), DO (Hach LDO, CO,
USA), and NH4+ (WTW VARiON, Germany). NH4+, NO 3 -, N O f signals were used to
control aeration (Figure 38).

DO = i.6rng/L

DO
Controller/
PLC
Aerobic
Duration
Controller/
PLC

1X0.

Air

Figure 38. AvN controller depicting aerobic duration controller receiving N H 4+ (WTW
VARiON, Germany), N 02‘ and NO 3 ' (s::can Spectro::lyser, Austria) signals and DO
controller receiving dissolved oxygen (Hach LDO, USA) signal.

Start-up and long term operation
The AvN CSTR reactor was seeded from the parallel process pilot train, which was
nitrifying/denitrifying stably at that time and fed A-stage effluent (Miller et al., 2012).
Typical A-stage effluent was characterized by pH = 7.05±0.14, COD = 306±87 mg/L,
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NH4+ = 29.7±3.9 mg N/L, COD/TKN = 6.7±1.4, Ortho-P =3±1.2 mg P/L, and Alkalinity
= 159.7±17.1 mgCaC 0 3 /L (Table 25). The AvN CSTR was operated at a 3 h HRT with a
flow rate o f 1.9 L/min. The total SRT was targeted at around 6 days and temperature was
maintained at 25°C during the entire study. The aerobic SRT was controlled by an on-line
aeration controller to achieve the desired N H 4+:N02~ ratio. The nitrogen removal
performance was evaluated by dividing the study period in five phases based on the
degree o f NOB out-selection that was achieved during the study. Unlike other studies, the
phases were not distinct operating conditions, since the pilot was intended for an upgrade
and was dynamically operated to account the seasonal variations.

Table 25. Average characteristics o f AvN CSTR influent (A-stage effluent) and effluent
over the entire experimental period.
Parameter

Influent

Effluent

PH
COD (mg/L)

7.05±0.14

6.88±0.12

306±87.3

sCOD (mg/L)

128±41.9

66±22.5
33±9.8

N H 4+ (mgN/L)

7.3±4.4

TKN (mgN/L)

29.7±3.9
38.5±4.6

COD/TKN

6.7±1.4

-

Ortho-P (mgP/L)

3±1.2
159.7±17.1

2.7±0.7

Alkalinity (mgCaC03/L)

-

85.3±23.3

AvN (NH4-NOx) aeratio n control
To impose conditions favorable for N O B out-selection and to provide effluent suitable
for anaerobic ammonia oxidation (AMX) polishing, an aeration controller was developed
which uses online in-situ DO, NH4+, NO2" and NO3' sensors. The first component o f AvN
control was the aerobic duration controller with the goal o f maintaining equal effluent
NH4+-N and N O x-N (NH4+-N - N O x-N = 0) in the AvN CSTR at all times. The latter
would guarantee a treatable effluent for the final polishing step with AMX. The other
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component o f the AvN control was the DO controller, which maintains the DO at a
desired set-point during the aerated period (Figure 2).
Under the AvN strategy, NH 4+-N was compared to the sum o f NO 2 -N and N 0 3 '-N (NOxN). First, the cycle duration (aerobic duration + anoxic duration) had a defined minimum
and maximum aerobic duration. The cycle duration was kept constant at 12 minutes
during the entire experiment and minimum and maximum aeration times were set at 4
and 10 minutes, respectively. These set points were selected to avoid the NH 4 +-N below
1.5 mg N/L. As the AvN controller aimed at ammonium concentrations equal to N O x
concentrations, aerobic duration was increased up to a predetermined maximum aeration
time set-point, while maintaining the cycle duration constant at NH 4 +-N over NOx-N
ratios greater than 1. When NH 4 +-N was less than NOx-N, aerobic duration was decreased
until it reached the minimum aeration time. When aerated, the proportional-integralderivative (PID) controlled a mechanically operated valve (MOV) to maintain the target
DO set-point o f 1. 6 mg O2/L.

Influent/Effluent monitoring
Performance o f the AvN pilot was monitored by collecting 24-hr flow-weighted
composite samples from the influent and effluent. Samples were analyzed for TSS, VSS,
total and soluble COD, TKN, TP, OP, N O 3 -N, NOy-N, NH4+-N and alkalinity. All
relevant analytical methods for solids and liquids are presented in Table A l and Table A2

Microbial activity measurements
To measure maximum AOB and NOB activity, 4 L samples were collected and dispensed
into 4L vessels from the AvN CSTR and aerated for 30 minutes to oxidize excess COD,
and spiked with 20-30 mg/L NH 4 +-N (as ammonium chloride) and 2-4 mg/L N 0 2 "-N (as
sodium nitrite), respectively, and sampled continuously for

1

hour at

20

-minute intervals.

All collected samples were analyzed for NH 4 +-N, N0 2 -N, and N0 3 -N. Mixing was
provided by a magnetic stir bar. The dissolved oxygen was maintained between 2.5 and 4
mg O 2/L. pH was maintained between 7-7.5 by adding sodium bicarbonate. The AOB
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rates were calculated as the slope o f the NO x-N production and NOB rates were
calculated as the slope o f the N 0 3 '-N production.

Half-Saturation Coefficient Evaluation
Batch experiments were conducted in the AvN CSTR itself by temporarily stopping feed
flow and maintaining a constant DO at concentrations o f 0.1, 0.3, 0.6, 1.2, 2 mg O 2 /L and
mixing continuously. A PID controller was used to maintain the desired DO set-point.
The DO concentrations were recorded and logged during each test. An identical protocol
to the microbial activity measurements described in the previous section was followed to
calculate AOB and NOB rates. The recorded results from these tests were analyzed and
fitted to a modeled Monod curve based on the Monod kinetic expression and a
spreadsheet (Excel, Microsoft Inc.) to calculate half saturation coefficients using five
different DO concentrations. The entire experiment was performed 3 times, with the
results averaged and plotted. These experiments were not conducted during a period o f
NOB out-selection.

Molecular methods for microbial quantification
DNA and RNA extraction was conducted using the DNeasy and RNeasy mini kits
(Qiagen, CA).

Resulting DNA and RNA concentrations and quality were initially

checked by UV spectrophotometry (Varian, CA). The abundance o f AOB and NOB was
quantified via SYBR® Green chemistry quantitative polymerase chain reaction (qPCR)
assays, N fL f monooxygenase subunit A (amoA) gene (Rotthauwe et al., 1997),
Nilrobacter 16S rRNA gene (Graham et al., 2007) and Nitrospira 16S rRNA gene
(Kindaichi et al., 2007), respectively. Total bacterial abundance was quantified using
eubacterial 16S rRNA gene targeted primers (Ferris et al., 1996). qPCR assays were
conducted on a iQ5 real-time PCR thermal cycler (BioRad Laboratories, Hercules, CA).
Standard curves for qPCR were generated via serial decimal dilutions o f plasmid DNA
containing specific target gene inserts. qPCR for standard plasmid DNA and sample
DNA were conducted with duplication and triplication, respectively.

DNA grade

deionized distilled water (Fisher Scientific, MA) was used for non-template control.
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Primer specificity and the absence o f primer-dimers were confirmed via melt curve
analysis o f each and every qPCR profile.

Statistical analysis
Statistical comparison between variables was performed using the t-test (for a normally
distributed data set) and Mann-Whitney rank sum test (for not a normally distributed data
set) on Sigma Plot (Systat Software, San Jose, CA). Shapiro-Wilk test was used to
determine the normality o f the data set.

A p -v alue o f 0.05 or lower indicates that

variables being compared are statistically different at the 95% confidence level.

6.3 Results
AvN C ST R perform ance
The key characteristics o f the AvN CSTR effluent are summarized in Table 25. The
trends o f influent NH 4 +-N and effluent NH4+-N and NOx-N are presented in Figure 3a,
which also demonstrates the effectiveness o f AvN control in maintaining equal NFLC-N
and NOx-N in the effluent. The N H 4 +-N loading rate and COD removal rate can be
compared with TIN removal rate during the entire study in Figure 39b. The trend o f the
nitrite accumulation ratio [NAR = N 02'-N / (N 0 2 '-N+N 0 3 ‘-N)], which is an indicator o f
the extent o f NOB out-selection, and the aerobic fraction (aerobic time: cycle time), is
presented in Figure 39c. It can be seen that the aerobic fraction follows the trends o f the
NAR during Phase III-IV, when aeration controller was able to achieve equal effluent
NH 4 +-N and effluent NOx-N concentrations in the effluent (Figure 39a). The total SRT
and aerobic fraction presented in Figure 39, gives a measure o f the aerobic SRT o f the
AvN CSTR during the study. Since, the AvN aeration controller and nutrient sensors
were still being fine-tuned, the ratio o f effluent NFLC-N and NOx-N remained variable in
Phase 1 (Figure 39a). In Figure 40, a 24-hr profile o f NH 4 +-N, N 0 3 ‘-N, N02'-N, NOx-N
and DO, as controlled by the AvN strategy, is presented. The functioning o f the AvN
control can be seen in this figure.
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Figure 39. AvN CSTR a) influent NH4+-N, effluent NH4+-N and NOx-N b) Influent NH4+N loading, COD removal rate and TIN removal rate c) NAR and Aerobic Fraction.
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During Phase I, the TIN removal rate, the efficiency and the ratio o f TIN removal rate:
COD removal rate was the lowest among all phases (Figure 41). In general, the ratio o f
TIN/COD removal rate is an indicator o f the efficiency o f the TIN removal in terms o f
influent COD/N. The very low TIN/COD removal rate (0.05±0.021) and TIN removal
efficiency (30±18%) during Phase I suggests more aerobic oxidation o f COD was
occurring than anoxic oxidation o f COD using NOx as the electron acceptor (Figure 41).
This is in line with the fact that the aerobic SRT fraction during Phase I was 0.65±0.21,
while the total SRT was 6±3.6 d (Figure 39). Further, the TIN removal rate was lower
during Phase I compared to other phases in relation to the COD removal rates, as seen in
Figure 41.
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Figure 40. AvN controller performance a) 24-hour (12 AM to 11:59 PM) trends o f
reactor NH 4 +-N, N02"-N, NCb'-N and aerobic fraction (ratio o f aerobic time: total cycle
time) b) 24-hour DO profile and an insert showing DO profile for 1 hour. The aerobic
fraction was allowed to fluctuate between 0.33 to 0.83.

From Figure 39b, Figure 41 and Figure 43c, the following can be observed. In Phase II,
there was an overall improvement in the TIN removal rate (p=0.002), and efficiency
(p=0.018), however the NAR was lower (/?<0.001) and the influent COD/ NH 4 +-N was
not statistically different (p= 0.55). The ratio o f TIN removal rate: COD removal rate in
both phases were not statistically different (p=0.075). In Phase III, the TIN removal rate
(p= 0.001), efficiency (p - 0.004) and ratio o f TIN removal rate: COD removal rate were
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higher than Phase II (p=0.003) for the similar influent COD/NH 4 +-N (p= 0.99). In fact, the
ratio o f TIN removal rate: COD removal rate in Phase III was similar to Phase IV (p=
0.25) and the TIN removal efficiency was slightly higher in Phase IV compared to Phase
III (p=0.001) for a higher influent COD/ N fL f-N (p=0.002). The increased N AR during
Phase III (0.3±0.11) compared to Phase II (0.05±0.025) and Phase IV (0.11±0.06) could
explain the improvement o f the TIN removal rate for the influent COD/NH 4 +-N that was
less than or equal to and highlights the importance o f NOB out-selection. During Phase
V, the influent COD/NHLf-N (12.3±0.95), NAR (0.6±0.22) and TIN removal rate
(210±43 mgN/L/d) and efficiency (89±11%) were highest among all phases. However,
the ratio o f the TIN removal rate: COD removal rate was similar to Phase III (p= 0.23). In
intermittently aerated systems, COD that is not used for NOx reduction is oxidized
aerobically; therefore maintaining influent COD/NH 4 +-N at an optimum level is
important. The ratio o f NH 4 +-N and NOx-N was maintained around 1 mg N/L as intended
by the AvN controller during Phases II, III, IV, and V o f the study (Figure 39a).
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NOB out-selection in AvN C STR
In this study, NOB out-selection was inferred through ex-situ AOB and NOB activity
measurements, NAR, and targeted molecular analysis for bacterial populations. The AOB
activity was greater than NOB activity (AOB: 391±124 mgN/L/d, NOB: 233±151
mgN/L/d, p< 0.001) during the entire study. Further, the results o f targeted molecular
analysis for AOB, NOB (Nitrobacter sp. and Nitrospira sp.) and total bacterial
population clearly showed that the NOB population declined during the period o f low
NOB activity (Figure 42), which supports the NOB out-selection observed.
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The dominant NOB were Nitrospira sp. which were 20 times more prevalent that
Nitrobacter sp. The correlation o f amoA abundance with AOB activity and Nitrospira sp.
abundance with NOB activity can be seen in Figure 43a and Figure 43b.
NOB out-selection inferred from NAR and AOB/NOB activities was variable during the
study (Figure 42, Figure 43). Therefore, variability in NOB out-selection warranted
further investigation during the study. It was surmised that aggressive operation towards
limiting the SRT for AOB is a key factor for washing out NOB. Under the AvN strategy,
if the AOB are pushed towards washout, the aerobic fraction increases for the same
influent COD/N. The trends o f aerobic fraction and NAR in Figure 39c demonstrate that
aggressive operation (combination o f SRT and nitrogen loading rate) resulted in a higher
aerobic fraction and NAR. Further, the ratio o f nitrogen loading rate and maximum AOB
rate (NLR/Max AOB rate) were analyzed for different phases o f the study to assess
variable NOB out-selection. This ratio captures how aggressively the system is operated
towards AOB washout and is the result o f variation in the systems SRT and NLR. In
Phase I, it was observed that the NLR/Max AOB rate was greater than 1 and the NOB
out-selection characterized by NAR was greater than 0.5 (Figure 43c). In Phase II and
Phase IV NLR/Max AOB rate was around 0.7 and the NAR remained below 0.12 (Figure
43c). In Phase III and Phase V, the NLR/Max AOB rate was close to 1 which coincided
with higher NAR (>0.3) and better NOB out-selection (Figure 42, Figure 43c).
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Settling Performance
The settling characteristics o f the AvN CSTR showed a sludge volume index (SVI) of
150±38 mL/g. Moreover, there was seasonal variation in settling characteristics; during
summer months settling was poor compared to other seasons (Figure 44). The weekly
analysis o f filaments showed Thiothrix was the dominant filaments during periods of
poor settling (data not shown). Thiothrix related bulking was observed in the A-stage
(Miller et al., 2012), which was believed to stem from high sulfide and organic acids in
the influent raw wastewater during high temperature periods. The potential carryover o f
sulfide and Thiothrix as well as production o f sulfide and organic acids in the over-sized
A-stage clarifier might explain poor settling due to Thiothrix. High NC>2 ‘ levels did not
adversely affect the settling performance (Figure 44).
Nitrite accumulation has been linked with poor sludge settleability (Blackburne et al.,
2008, Ma et al., 2009) although the cause o f filamentous bulking due to nitrite is not
understood clearly (Guo et al., 2013). Nitric Oxide (NO) which is an intermediate o f
denitrification and NCh' a precursor was hypothesized to inhibit the floc-formers over
filamentous organisms by Casey et al. (1994). The validity o f this hypothesis was
questioned by Martins et al. (2004). Despite poor overall settling, NO 2 ' accumulation did
not negatively impact settling in this study. In fact, periods o f good settling were marked
by higher amounts o f effluent NC>2 ' (Figure 44). Further, bulking was not persistent
throughout the study which suggests that operational parameters were not responsible for
poor settling.
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6.4 Discussion
AvN nitrogen removal performance
The TIN removal rate 0.15 kg/m3/d observed in our study (influent at COD/N -6 .7 at
25°C) was comparable to short-cut nitrogen removal rates that were reported in the fullscale plants at the Strass wastewater treatment plant (WWTP) (Total N removal rate
-0.5-1.1 kg/m3/d, influent C O D /N - 15 at 9-19°C) and in the Changi water reclamation
plant (WRP) (Total N removal rate -0.13 kg/m3/d, influent COD/N -7 .5 at 28-32°C). In
the

Strass

WWTP,

AOB

and

AMX

were

bioaugmented

from

a

sidestream

deammonification reactor (Wett et al., 2012), while in the Changi WRP, higher N
removal rates have been suspected to result from a very short aerobic SRT o f 2.5 days in
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combination with anaerobic ammonia oxidation by free cell AMX (Cao et al., 2013). A
summary o f these comparisons is provided in Table 26. During anaerobic batch testing
(data not shown) o f AvN CSTR samples, AMX activity was not detected. Therefore,
AMX were not expected to contribute significantly to N-tumover.

Table 26. Comparison o f performance and strategies used by recent studies to achieve NOB out-selection in mainstream
conditions.
C STR

S trass W W T P

C hangi W R P

SBR

T h is S tu d y

W e tt e t a l ., 2 0 1 2

C a o e t a l ., 2013

G a o e t al., 2 0 1 3

a l., 2013

C O D /N

6.7

15

7.5

2.5

2

T e m p e ra tu re (° C )

25

9 -1 9

2 8 -3 2

12-27

15

N lo a d in g ra te ( k g /m 3 d )

0.25

0 .5 5 -1 .6

0 .1 7

N .R .

1.4

0.15

0.5-1.1

0.13

N .R .

0.5

R efe re n c e

RBC
D e C lip p e le ir e t

T o ta l N re m o v a l ra te
( k g /m 3 d )
N itrite a cc u m u la tio n
(m g N /L )

1.85

1-3

1.1

5-25

7

A m m o n ia re sid u a l (m g N /L )

7.3

2-3

1.7

5-25

1-4

c y clica l (in s p a c e )

c y c lic a l (in tim e )

c y clica l (in sp a c e )

-

5 0 -2 0 0

1

c y clica l

(in

c y clica l

A e ra tio n p a tte rn

tim e )

space)

F re q u e n c y o f a eratio n (m in )

6-12

5

(in

D O se t-p o in t d u rin g
a eratio n

1.6

1.7

1.4-1.8

2 -7

8

T o tal S R T (d a y s)

6.5

10

5

3 0 -4 0

N .C .

A e ro b ic S R T (d a y s)

3 .2

7

2.5

-

N .C .

N .C : N o t c o n tro lle d . N /A : N o t a p p lic ab le . SB R : S e q u e n c in g b a tc h re a cto r. N .R : N o t re p o rte d . C S T R : C o n tin u o u s ly s tirre d -ta n k re a cto r.
R B C : R o ta tin g b io lo g ic a l co n ta cto r. S B R : S e q u e n c in g b a tc h re a cto r.

15 2

Kinetic out-selection of NOB over AOB
Oxygen half saturation coefficients for AOB and NOB were evaluated, as no real
consensus in the literature exists for mainstream conditions. The Monod curves for both
groups are given in Figure 45, showing a half saturation coefficient o f 0.16 and 1.14 mg
OifL for NOB and AOB, respectively. It was therefore confirmed that the strategy of
operating at a DO >1.5 mg O 2 /L would help to increase the AOB/NOB activity
differential under aggressive SRT operation.

400 n

^
ro

300 -

S

200 -

I
*
>
O

<

100

•
o

-

0.0

0.5

AOB rate
NOB rate
Monod model NOB fit
Monod model AOB fit

1.0

1.5

2.0

DO (mg/L)
Figure 45. Dissolved oxygen Monod curves for AOB (model: Ko = 1.16 mg O 2 /L, rmax
= 576.3 mgN/L/d) and NOB (model: Ko = 0.16 mg O 2 /L, rmax = 254.6 mgN/L/d)
showing that NOB are well adapted at low DO compared to AOB.
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Under the AvN strategy, the AvN CSTR was operated transiently at a DO equal to or
greater than 1.5 mg O 2 /L. Although the hypothesis that low DO operation favors AOB
over NOB is very widespread (Sin et al., 2008), this study confirmed other research
results pointing in the opposite direction (Daebel et al., 2007, Manser et al., 2005) for
systems like this study, which were selectively enriched with Nitrospira sp. rather than
Nitrobacter sp. (Figure 6). Nitrospira are known for successful adaptation in most
nitrifying ecosystems and hypoxic environmental niches (Liicker et al., 2010).
Additionally, Nitrospira sp. has been reported to lack common protection mechanisms
against oxidative stress which might be attributed to the hypothesis from Liicker that
Nitrospira sp. evolved from an anaerobic or microaerophilic origin. The earlier reports o f
higher oxygen affinity o f AOB compared to NOB might have considered Nitrobacter sp.,
which function as ^-strategists (higher specific growth rates and low substrate affinity), as
opposed to Nitrospira sp., which function as K-strategists (lower specific growth rates
and higher substrate affinity). Therefore, our strategy o f intentionally operating at a high
DO concentration (>1.5 mg O 2 /L) to provide competitive advantage for AOB over NOB
(especially Nitrospira sp.) would be justified against other reports in the literature that
might have overlooked Nitrospira sp. completely. Table 26 shows other studies where
high DO was used to facilitate NOB out-selection in mainstream treatment processes.
The use o f transient anoxia has been a common approach to achieve NOB out-selection
(Li et al., 2012, Ling, 2009, Pollice et al., 2002, Rosenwinkel et al., 2005, Zekker et al.,
2012). Transient anoxia was a common approach to induce NOB out-selection in
mainstream conditions in the studies presented in Table 26. Transient anoxia allows for a
measured approach to control the aerobic SRT, as well as to introduce a lag-time for
NOB to transition from the anoxic to aerobic environment, either due to nitrite limitation
(Knowles et al., 1966, Chandran et al, 2000) or by an enzymatic lag (Komaros et al.,
2010). Komaros showed a delay in NOB recovery and NOB lag adaptation in aerobic
conditions following transient anoxia lasting 1.5 hr to 12 hr (the delay in recovery was
shown to be a function o f the length o f anoxic disturbance), thus confirming the
observations o f the usefulness o f transient anoxia by many others (Alleman et al., 1980,
Katsogiannis et al., 2003, Sedlak, 1991, Sliverstein et al., 1983, Yang et al., 2011, Yoo et
al., 1999). However, the low nitrite in the beginning o f the aerobic phase was not
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discussed as a factor for the lag in NOB activity. Although transient anoxia has been used
successfully in high strength wastes (Wett, 2007) and the ability to use it in low strength
wastes has been suggested (Peng et al., 2004), the control features associated with
transient anoxia remains a challenge for NOB out-selection.
The influent COD in the AvN CSTR provided conditions for NO 2 ' to be consumed by
heterotrophs, while no NFLf oxidation takes place during the anoxic phase (data not
shown). By consuming NO 2 ' in anoxic conditions, heterotrophs restrict N O 2 ' availability
for NOB in the aerobic phase. Further, over many cycles this can potentially limit NOB
population as a result o f lower substrate utilization by NOB compared to substrate
utilization by AOB. Lemaire et al. (2008) attributed this positive feedback as one o f the
primary mechanisms for NOB out-selection in aeration duration controlled SBR treating
abattoir wastewater. The AvN aeration controller used in the AvN CSTR successfully
allowed maintenance o f residual NFLf (7.3±4.4 mgNH 3 -N/L) throughout the study,
allowing the AOB growth rate to be close to the maximum. Free ammonia (FA)
concentration levels in the AvN CSTR were too low to cause NOB inhibition since FA
was 0.0314±0.0189 mgNH 3 -N/L compared to 0.1 - 0.8 mgNHb-N/L that is considered
inhibitory (Anthonisen et al., 1976). Similar trends have also been observed in the
mainstream deammonification testing at the Strass WWTP, which showed higher NOB
out-selection (indicated by less NO 3 ' production) during late December where effluent
NH4+ levels were high (NH 4 + set-point =2.5 mgN/L compared to normal NH 4 + set-point =
1.5 mgN/L) at significantly higher loadings and low temperatures, therefore lowering the
SRT to its minimum (Wett et al., 2012). Alternating aerobic and anoxic conditions and
maintaining residual NFLC has proven effective for NOB out-selection in recent studies in
mainstream conditions (Table 26).

Metabolic out-selection of NOB over AOB
The AvN CSTR was operated at a relatively low total SRT (6.5±4.3 days) during the
study period. The intent o f limiting the SRT o f the system was to operate very close to
the AOB washout SRT such that NOB were out-selected. It is very important to
recognize that heterotrophic denitrification pressure, high DO, and intermittent aeration
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provides unfavorable conditions for NOB, without adversely affecting the AOB
population. However, it was surmised that it was the ability o f the system to be operated
at aggressive SRTs would out-select NOB over AOB.
The use o f AvN strategy allowed control o f the aerobic SRT o f the system such that NH 4 +
oxidation was always maintained at the optimum level for a given influent COD/TKN
and SRT, thus allowing the system to be run at the minimum SRT which eliminates NOB
from the system. We clearly showed that when the system was operated aggressively at
low SRTs that corresponded to NLR/Max AOB rate ~1, NOB out-selection was more
rampant. The use o f online aeration controllers and intentional SRT control towards
critical AOB washout demonstrated in this study was a novel approach to out-select NOB
in mainstream conditions.

6.5 Conclusions
In this study, it was demonstrated that mainstream NOB out-selection in a continuous
process is possible without using known factors that aid NOB out-selection in
sidestreams with high strength ammonia. A novel aeration control strategy based on
direct in-situ measurement o f NH 4 +, NCV, and NO 2 ' was demonstrated to be capable o f
facilitate ing the proposed strategies and exploiting NOB out-selection mechanisms. In
this study, higher DO affinity o f NOB versus AOB was demonstrated and a high DO
(>1.5 mg/L) was used to out-select NOB along with intermittent aeration and low SRT.
Therefore, this study presents a new paradigm in biological nitrogen removal that utilizes
advanced process control strategies. As we move closer to mainstream nitrite-shunt based
processes, the findings o f this study are expected to help existing biological nitrogen
removal (BNR) plants be optimized for cost-effective and efficient nitrogen removal.
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CHAPTER 7

NITROGEN POLISHING IN A FULLY ANOXIC ANAMMOX MBBR
TREATING MAINSTREAM NITRITATION-DENITRITATION EFFLUENT

Note: The contents o f this chapter have been submitted to the Journal o fA ppiled and
Environmental Microbiology. Regmi, P., Holgate, B., Miller, M.W., Park, H., Chandran,
K., Wett, B., Murthy, S., Bott, C.B., Nitrogen polishing in a fully anoxic tertiary
anammox MBBR treating mainstream nitritation-denitritation effluent.

7.1 Introduction
W astewater treatment plants (WWTPs) are often required to meet stringent nitrogen
limits to prevent eutrophication o f receiving water bodies. Most commonly, nitrogen
removal is achieved by biological nitrification-denitrification (Grady et al., 1999). Due to
the high cost o f biological nitrification-denitrification, alternatives are being explored.
Anaerobic ammonia oxidizing (anammox) bacteria, capable o f NH 4 + oxidation with
NO 2 ' as the electron acceptor (Strous et al., 1998), has been successfully implemented as
a cost effective alternative to treat ammonia rich wastewater at mesophilic temperatures
(Abma et al., 2010, Sliekers et al., 2003, van der Star et al., 2007, Wett, 2007).
Deammonification, which relies on NH 4 + oxidizing bacteria (AOB) to partially convert
NH4+ to N 0 2- and anammox bacteria (AMX) to convert the remaining M V and N O 2' to
N 2 , has emerged as an innovative and efficient alternative to treat high strength NH 4 +
wastewater streams such as recycle streams from the dewatering o f anaerobically
digested sludge. Following the success o f sidestream deammonification there is a great
interest in leveraging the know-how to the mainstream application.
Since the dilute and cold conditions o f mainstream are not well-suited for the suppression
of nitrite

oxidizing

bacteria

(NOB),

short-cut nitrogen

removal,

in particular

deammonification, is still a challenge at full-scale implementation. Due to lower growth
rates and activities associated with AMX, nitrogen removal rates decrease substantially at
lower temperatures (Isaka et al., 2008; Vazquez-Padin et al., 2011). In lab-scale reactors,
anammox processes have been successfully operated at temperatures <20°C for low
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chemical oxidation demand: nitrogen ratio (COD/N) waste streams (Cema et al., 2007,
Dosta et al., 2008, Isaka et al., 2008, Vazquez-Padin et al., 2011). AMX processes have
been demonstrated at 20°C (Hendrickx et al., 2012) and a stable long-term operation o f a
nitritation-anammox was shown with low influent NH 4 + concentrations in lab- scale
sequencing batch reactors (SBR) (Hu et al., 2013) and rotating biological contactors
(RBC) (De Clippeleir et al., 2013) at 12 °C and 15 °C, respectively. At full-scale, long
term stability o f anammox processes treating high COD/N waste streams at lower
temperatures has yet to be demonstrated.
To meet stringent nitrogen removal requirements, tertiary nitrogen polishing after the
secondary biological nitrogen removal (BNR) step may be required. Nitrogen polishing is
achieved by employing treatment processes involving denitrification o f residual nitrate
from the secondary BNR process, and external electron donors are supplied. Tertiary
denitrification technologies such as biologically active filters (BAF), moving bed biofilm
reactor (MBBR), and fluidized bed biofilm reactors (FBBR) have been used successfully
to achieve nitrogen polishing with added organic carbon usually in the form o f methanol
(WEF, 2009). Recent studies show that maintaining M-Lt+ residual is important for
achieving nitritation-denitritation in mainstream conditions (Regmi et al., 2014).
Therefore, removing residual NH 4 + to meet permits becomes important in these
processes. Also, residual NCh" removal becomes necessary to avoid high chlorine
demand during secondary effluent disinfection and to avoid effluent toxicity. To treat the
effluent o f nitritation-denitritation systems that typically contain residual NH 4 + and NO 2 ',
AMX nitrogen polishing can be considered.
In this study, it is shown for the first time the feasibility o f using anammox nitrogen
polishing in an MBBR receiving effluent from a pilot-scale mainstream nitritationdenitritation system.
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7.2 Material and Methods
The pilot
Setup
The pilot process described in this study was part o f a larger configuration including an
adsorption-style high rate activated sludge A-stage (HRT~ 30 minutes, SRT = 0.25 days)
for COD removal providing the influent for the AOB versus NOB (AvN) CSTR (Miller
et al., 2012, Regmi et al., 2014) and a post anoxic anammox moving bed bioreactor
(MBBR) after the AvN reactor (Figure 46) allowing for final polishing o f the treated
sewage. The AvN CSTR was operated at a 3 h HRT at a flow rate o f 1.9 L/min. The total
SRT was targeted to be around

6

days and temperature was maintained at 25 °C during

the entire study. The aerobic SRT was controlled by an online aeration controller to
achieve the desired NFLC-N: N 0 2 ' -N ratio (Regmi et al., 2014). In this study, on the
performance and operation o f the post N-polishing MBBR is being focused on. The entire
pilot process flow layout can be seen in Figure 37.
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Figure 46. Pilot study process flow diagram during Phase 1 and II. *High-rate non
nitrifying activated sludge plant effluent.

The anammox MBBR had a volume o f 0.45 m 3 where 50% o f the volume was filled with
K3 biofilm carriers (AnoxKaldnes, Sweden). The effective surface area o f the carriers
was 500 m 2 /m 3. Mechanical mixing o f carriers was achieved by a variable speed mixer
(G = 14 s '1). The pH was recorded continuously by an online pH probe and the reactor
was covered with Styrofoam to avoid oxygen transfer from the atmosphere. During
startup, the anammox MBBR was operated with a temporary clarifier to recycle sludge
back to the MBBR (Startup: 0-78 d). The anammox MBBR received the effluent o f the
AVN CSTR (Startup: 0-78 d, Phase I: 79-253 d) and non-nitrifying high rate activated
sludge (HRAS) plant final effluent (FNE) spiked with NCh'-N (Phase II: 286-385 d). The
two phases o f operation can be seen in Figure 46.
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Startup
The anammox MBBR was seeded with 10 L sidestream deammonification granular
sludge (cyclone underflow) from the Strass WWTP, Austria. The influent feed was AvN
CSTR effluent characterized by pH = 6.8±0.1, COD = 45.0±11.8 mg/L, N H 4 + = 5.5±2.2
mgN/L, NO 2 ' = 0.7±0.6 mgN/L, N 0

3

- 2 .9 ± l .l mgN/L, Ortho-P =3.0±1.2 mgP/L, and

Alkalinity = 69.3±9.1 mgCaC 0 3 /L. The anammox MBBR was operated at a 4 h HRT
with the flow rate o f 1.9 L/min.

Influent/Effluent monitoring
Performance o f the AvN pilot was monitored by collecting 24-hr flow-weighted
composite samples from the influent and effluent. Samples were analyzed for TSS, VSS,
total and soluble COD, TKN, TP, OP, N 0 3 '-N, N 0 2 "-N, NH 4 +-N and alkalinity. All
relevant analytical methods for solids and liquids are presented in Table A l and Table
A2.

AMX activity tests
To measure maximum AMX activity, the anammox MBBR was isolated from the
system. A sample was taken for sCOD, NH 4 +-N, M V -N , and N 0 3 —N analysis. The
MBBR was spiked with

8

m g/LN H 4 +-N (ammonium chloride) and 10 m g /L N 0 2 '-N

(sodium nitrite) and sampled continuously at 20-minute intervals until the N 0 2 "-N was
less than 1.5 mg/L NO 2 VN. On the last sample o f the activity measurement, a sCOD
sample was taken along with a sample for NH 4 +-N, N 0 2 '-N, and N 0 3 —N analysis. The
dissolved oxygen (DO) was maintained close to 0 mg O 2 /L and was recorded at every 20
minute intervals along with the pH. NH 4 +-N and NO 2 -N uptake rates were calculated as
the slope o f theN H 4 +-N an d N 0 2 '-N values taken during the activity test. N 0 3 '-N
production rates were calculated as the slope o f the N 0 3 '-N values. The results o f the
tests are presented in terms o f the unit o f gN/m 2 /d. AMX activity tests were performed
weekly from day 136 to 385.
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Biomass density
Biomass density measurements were performed according to the method described by
Regmi et al. (2011). Measurements were performed bi-weekly during Phase II (day 337
to 385).

Molecular methods for microbial quantification
DNA extraction was conducted using the DNeasy mini kit (Qiagen, CA).
DNA

concentrations

and

quality

were

spectrophotometry (Thermofisher, MA).

measured

by

Nanodrop

Resulting
Lite

UV

The abundance o f AMX was quantified via

SYBR® Green chemistry quantitative PCR (qPCR) assays targeting AMX 16S rRNA
gene (van der Star et al., 2007). C. “Brocadia fulgida” specific qPCR assay was applied
based on the highly variable region o f the hzsA gene (Park et al., in submission). qPCR
primers were used with TaqMan chemistry (forward, 5’-AGT TAG TGA GTG TGG
ATG GCG TGT-3’; reverse, 5’-TCA TCC TGC GTG AGG AAC TTG TCA-3’; probe,
5V56-FAM /AT TCA GCC G/Zen/T GCG TAC ACC AGC TTG CTT /3IABkFQ/-3’)
(IDTDNA, IA).
qPCR assays were conducted on a iQ5 real-time PCR thermal cycler (BioRad
Laboratories, CA). Standard curves for qPCR were generated via serial decimal dilutions
o f plasmid DNA containing specific target gene inserts.

qPCR for standard plasmid

DNA and sample DNA were conducted with duplication and triplication, respectively.
DNA grade ddH 20 (Fisher Scientific, MA) was used for non-template control. Primer
specificity and the absence o f primer-dimers were confirmed via melt curve analysis.

Statistical analysis
Statistical comparison between variables was performed using the t-test (for a normally
distributed data set) and Mann-Whitney rank sum test (for not a normally distributed data
set) on Sigma Plot (Systat Software, San Jose, CA). A Shapiro-Wilk test was used to
determine the normality o f the data set.

A />-value o f 0.05 or lower indicates that

variables being compared are statistically different at the 95% confidence level.
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7.3 Results
Startup and long-term operation
The anammox MBBR was operated in three phases over a period o f 385 days. During the
startup phase the reactor was operated with a clarifier and sludge recycle to retain seed
sludge without wasting. This strategy was not entirely successful as most o f the seed
sludge floated and washed out from the clarifier in the first week o f operation. Despite
unintentional wasting o f seed sludge, AMX activity was maintained, as seen from the
NH4+ removal rate (0.025±0.021 gN/m 2 /d), throughout the startup period (Figure 47a).
The trends o f NFLf, NO 2 ', NO 3 ' and COD removal rates during the entire study can be
seen in Figure 47. The NH4+ and NO 2 - removal rates were highest during Phase II. In
Phase II, the anammox MBBR was fed plant FNE augmented with N O 2 ' resulting in
highest N loading (Figure 48). The ratio o f N O 2 ' removal rate and N H 4+ removal rate as
well NOx removal rate and NH4+ removal rate can be seen in Figure 47b. During the
Startup and Phase I, there was a net N 0 3 ‘ removal and there was a slight N 0 3 " production
in Phase II (Figure 47).
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Figure 47. Temporal trends during the study a) NH 4 +-N, NCh'-N, and N 0 3 '-N removal
rate, b) COD removal rate, ratio o f N 0 2 '-N removal rate: NH 4 +-N removal rate, and NOxN removal rate: NH 4 +-N removal rate.
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In this study, NH 4 +-N removal in the anoxic conditions o f the anammox reactor was
attributed to the AMX activity (release o f NH 4 +-N

due to biomass decay and

heterotrophic uptake o f NH 4 +-N during denitrification were assumed not to impact
overall NFLf-N removal). NCte'-N in AvN CSTR effluent feeding anammox reactor was
0.73±0.62 mg N/L during startup (Figure 48a). In fact, N O i'-N accumulation in AvN
CSTR was limiting AMX activity during startup as near complete NO 2 -N removal was
observed (effluent NC>2 "-N= 0.13±0.11 mgN/L, Figure 48b). Since, the influent NH 4 +-N
(6.13±2.86 mgN/L) was much greater than the NCh'-N, the overall TIN removal through
the AMX pathway was limited (Figure 48a).
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Figure 48. Temporal trends during the study a) Influent NH 4 +-N, NCh'-N, and NO 3"-N, b)
Effluent NH 4 +-N, N 0 2 ’-N, and N O f-N .
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The anammox MBBR was not fed between days 254-285, however, there was instant
AMX activity during initiation o f Phase II (Figure 47 and Figure 48). In Phase II, plant
FE, which contained NH 4 +-N (26± 2.45 mg N/L), was spiked with varying concentration
o f NO 2 ' -N and fed to the anammox MBBR. During Phase II, influent N O 2 -N
concentrations were increased over time, however, N O 2 -N breakthrough was not
observed (Figure 48b). As the NO 2 -N input was increased, AMX responded with greater
NH 4 +-N removal and subsequent TIN removal rates (Figure 49). There was slight
reduction in the NCh'-N removal rate when the NO 2 -N loading rate was increased up to
0.34 gN/m2/d during Phase II (Figure 49b).
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AMX activity and N rem oval rates
To assess the N turnover potential o f the anammox MBBR weekly maximum rate
measurements were performed during this study. The results o f the maximum AMX tests
conducted on day 136 (Phase I) and day 366 (Phase II) are presented in Figure 50. The
maximum activity test clearly demonstrate the NFLf, NC>2 ' removal and slight N O 3 '
production in anoxic conditions, which is expected from anammox metabolism.
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Figure 50. Maximum AMX activity test results a) During Phase I on day 136, b) During
Phase II on day 366.
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The trends o f maximum NH 4+-N and NO 2' -N removal rates and NCV-N production rates
can be seen in Figure 51a. The theoretical AMX stoichiometry ratios proposed by Strous
et al. (1998) for NCh'-N removed: NH<i+-N removed and N O 3 -N produced: NH 4 +-N
removed is 1.32 and 0.26, respectively. Maximum AMX activity measurements reveal
that in Phase I, the ratio o f NCh'-N removed: NH 4 +-N removed was 1.47±0.17 which is
greater than 1.32 (p<0.00!), while the ratio o f N O 3' -N produced: NHU+-N removed was
0.266±0.033, which is not statistically different from 0.26 (p=0.454) (Figure 51b). In
Phase II, the ratio o f NO 2 -N removed: NH 4 +-N removed was 1.27±0.10, which is not
statistically different from 1.32 (p=0.168), while the ratio o f NO 3 -N produced: NFU+-N
removed was 0.243±0.025, which is less and statistically different than 0.26 (p = 0.032)
(Figure 51b). The influent NFl4+-N and N O 2 -N were much higher in Phase I compared to
Phase II (Figure 48a). TIN removal rates were lower during startup (0.056±0.042
gN/m2/d) and Phase I (0.065±0.032 gN/m2/d) compared to Phase II (0.24±0.013
gN/m2/d) (Figure 47a). The maximum AMX activities measured during Phase I and
Phase II were higher than the actual TIN removal rates during the same periods (Figure
47a). Maximum AMX activity over 1.0 gN/m2/d was observed towards the end o f Phase
II (Figure 47a). The bi-weekly measurements (day 337 to 385) show that biomass density
remained stable around 3.2±0.2 gTSS/m2. However, there was an increase in maximum
specific AMX activity from 0.21 gN/gTSS/d to 0.33 gN/gTSS/d during the same time.
The AMX reactor was not fed between Phase I and Phase II (day 254 to 285), which
resulted in a drop in maximum AMX activity from 0.63 gN/m2/d to 0.30 gN/m2/d.
However, with the increase in NCh'-N loading, the maximum activity increased from
0.30 gN/m2/d to 1.05 gN/m2/d during Phase II (day 286 to 385).
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Nitrate removal and AMX contribution
There were two major observations: 1) NCV-N removal as opposed to production during
Startup and Phase I o f the study 2) The ratio o f NCV-N removed :NH4 +-N removed less
than the generally accepted ratio o f 1.32 (Figure 47), which highlighted NCV-N removal
in the anammox MBBR and AM X’s involvement. NCb'-N removal rates during Start up
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and Phase I were 0.02±0.021 gN/m2/d and 0.02±0.014 gN/m 2 /d, respectively (Figure
47a). The influent NCb'-N during Startup (3.41±1.92 mgN/L) and Phase I (1.82±1.51
mgN/L) were greater than during Phase II (0.34±0.22 mgN/L) (Figure 48a). The ratio o f
NOx-N removal rate: NH 4 +-N removal rate was greater than the ratio o f N 0 2 '-N removal
rate: NH 4 +-N removal rate during Start up and Phase I (Figure 47b). Significant COD
removal by the anammox MBBR was observed during the study (Figure 47b). The COD
removal rate during Start up and Phase I were 0.22±0.37 g/m2/d and 0.58±0.52 g/m 2/d,
respectively, compared to a COD removal rate o f 0.29±0.16 g/m2/d during Phase II. The
higher NH 4 +-N removal compared to N 0 2 '-N

removal compared to expected AMX

stoichiometry can result from either i) NCb’-N being converted to NCh'-N which was
there available for AMX metabolism or ii) NFLf+-N uptake by heterotrophic denitrifiers
assimilation during N 0 3 '-N and NO 2 ' -N reduction to N 2 Since NCV-N removal compared
to NH 4 +-N removals were much higher than would be expected from the heterotrophic
uptake o f NH 4 +-N (calculations not shown), it is highly likely that NCV-N being
converted to NCV-N was used by AMX, which resulted in higher TIN removal rates.

7.4 Discussion
Feasibility o f anam m ox N polishing in an M BBR
In this study, the startup o f anammox was immediate without any lag as a final polishing
step. However, the seed sludge used and N loading could be different in a full-scale
startup.

One o f the biggest drawbacks o f the anammox based processes is the long

startup times resulting from the slow growth rates o f AMX (van der Star et al., 2007).
Unlike one-stage deammonification systems, where AOB and AMX are required to be
managed within the same system requiring complex controls, AMX polishing was
possible without process control. The anammox step o f the sidestream two-stage
deammonification systems are prone to NCV-N inhibition (Wett, 2007), which often
requires a very strict control over the N 0 2 '-N loading. The N 0 2 '-N levels that are
expected in mainstream polishing applications can be considered below inhibitory levels.
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As a final step, the anammox MBBR received low COD/N ratio influent, therefore,
heterotrophs were not able to out-compete AMX for N 0 2 '-N. The retention o f slow
growing AMX, which is often the main challenge (Fernandez et al., 2008), was resolved
by providing supporting material in the form o f biofilm carriers.
The maximum AMX activities (from batch activity experiments) are much higher
compared to in-tank N removal rates, which suggest enrichment o f the biofilm carriers. In
fact, the TIN removal rate was around 0.064±0.028 gN/m2/d during Phase I (day 136 to
253), while the maximum AMX activity doubled over the same time (Figure 49a). The
trend o f maximum AMX activity continued to increase in both Phase I and Phase II
(Figure 49a). The lower decay rates (0.002 - 0.004 d"1) o f AMX (Dapena-Mora et al.,
2004, Udert et al., 2008, Ni et al., 2009) and the effective retention through biofilm
carriers may have contributed to such enrichment. The process stability was demonstrated
in Phase II o f the study when the NCh'-N loading rate was increased rapidly without any
loss o f the NCh'-N removal rate. This can be attributed to the extra capacity that existed

because o f the AMX enrichment.
The N removal in anammox polishing was limited by the influent NCh'-N/NFLf-N ratio
and not by the AMX retention and enrichment. It emphasizes the fact that to maximize
benefits o f anoxic autotrophic N removal through anammox, greater stability o f NOB
suppression and a tight control o f the effluent N 0 2 '-N/NH 4 +-N ratio in a nitritationdenitritation system is needed.

N itrate rem oval in AM X M BBR
The influent COD to the anammox MBBR was mostly comprised o f effluent TSS,
refractory and particulate COD fractions that were not degraded by the AvN CSTR
(Startup + Phase 1) and HRAS plant (Phase II). However, COD removal was observed in
the anammox MBBR, and as a consequence, there was a limited heterotrophic
contribution to the N removal observed. It was reported that in the presence o f a certain
level o f organic matter, AMX cannot compete with heterotrophic denitrifiers due to their
slower growth rate (Udert et al., 2008). Tang et al. (2010) demonstrated that when the
influent COD/NO 2 -N ratio was 2.9, heterotrophic denitrification dominated over AMX
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in an upflow anaerobic sludge blanket (UASB) reactor. Many studies lately have showed
that with a ratio o f COD/N less than 0.5 in the influent, AMX can outcompete
heterotrophic bacteria with mainly nitrite in the influent (Lan et al., 2011, Chen et al.,
2009, Xu et al., 2010). In this study in spite o f relatively high influent COD/NO 2 -N ratio
o f ~4, the anammox metabolism remained the primary N turnover pathway.
Recently it was shown that AMX bacteria have the ability to use short-chain fatty acids
(SCFA) with NO 3 " as the electron acceptor (Guven et al., 2005, Kartal et al., 2008,
Winkler et al., 2012). AMX bacteria completely oxidize organic matter into CO 2 without
assimilation, which results in a low biomass yield (Winkler et al., 2012). Ca. “Brocadia
fulgida”, known for its capability to use acetate with NCb" as the electron acceptor (Kartal
et al., 2008) was not significant in the anammox MBBR in this study. In an anoxic
reactor, Guven et al. (2005) showed that heterotrophs outcompete AMX for nitrate if the
COD/N ratio exceeds 1. Since the anammox MBBR was not fed external acetate (VFAs
in upstream nitritation-denitritation effluent was below detection) nor was Ca. “Brocadia
fulgida” dominant (Figure 52), AMX using N 0 3 '-N was not completely justified. In fact,
the species o f AMX remained unknown and further investigation is ongoing. Therefore,
the possibility o f heterotrophs converting some fraction o f N O 3 -N to NCh'-N under
limited COD availability and AMX using this produced N 0 2 '-N with NITt+-N cannot be
overruled. Regardless o f the exact pathway, this study has shown that NH 4 +-N, N 0 2 *-N
and N 0 3 '-N removal was possible in a mainstream fully anoxic anammox MBBR with
limited influent COD.
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7.5 Conclusion
In this study, mainstream application o f anammox for nitrogen polishing in an anoxic
MBBR was demonstrated. The startup was fast despite a very low NO 2 ' concentrations in
the effluent o f the nitritation-denitritation system feeding the anammox MBBR. A highly
stable nitrogen removal performance was demonstrated within a wide range o f influent
nitrogen species concentrations. The anammox MMBR demonstrated maximum nitrogen
removal rates o f close to 1 gN/m 2 /d. The production o f NCh'-N limits the applicability o f
anammox to meet stringent nitrogen permits, however, in this study it was showed that
NCb'-N removal is possible. Although, the exact pathway o f NCb’-N removal remained
unclear, it will be explored in future research. Therefore, for the first time this study
shows that anammox nitrogen polishing in an MBBR is possible for nitritationdenitritation system with wide range o f NCh' concentrations in the effluent.
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CHAPTER 8

OPTIMIZATION OF A MAINSTREAM NITRITATION-DENITRITATION
PROCESS AND ANAMMOX POLISHING

Note: The contents o f this chapter will be submitted into two jo in t papers fo r publication
in Water Research. Regmi, P., Holgate, B., Fredericks, D., Miller, M.W., Park, H.,
Chandran, K., Wett, B., Murthy, S., Bott, C.B., Optimization o f a mainstream nitritationdenitritation process and anammox polishing.

8.1 Introduction
Wastewater treatment plants (WWTPs) around the world are facing technical and
financial challenges to meet ever more stringent water quality standards. For the WWTPs
required to remove nitrogen, the cost o f energy and resources (e.g., external carbon and
alkalinity) for nitrogen removal from wastewater is increasing while nitrogen limits are
becoming lower. Recently, there has been an explosion o f new innovative technologies to
achieve high levels o f total nitrogen removal for less energy, fewer resource demands,
and over less space. However, most o f these technologies are limited to nitrogen rich
waste streams with low carbon to nitrogen ratio (COD/N hereafter). The very efficient
partial nitritation-anaerobic ammonia oxidation (anammox) or deammonification based
technologies have already been proven to treat high ammonia strength reject water with
more than 100 full-scale installations (Lackner et al., 2014), while the mainstream
implementation is currently under development by several research groups around the
world. The latter holds the key to intensification o f wastewater treatment for biological
nitrogen removal (BNR), recovery o f energy from carbon content o f raw wastewater and
minimization o f energy and resources for nitrogen polishing to meet stringent permits.
Successful mainstream deammonification depends on stable anammox activity, however,
effectively suppressing nitrite oxidation is the major precondition. The most common
approaches to suppress nitrite oxidizing bacteria (NOB) are specific to unique conditions
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o f high temperature and high ammonia strength waste streams such as the reject stream
generated from anaerobic digestion o f municipal sludge. The implementation o f partial
nitritation + anammox is successfully applied in highly loaded sidestream processes that
use one or more o f the following conditions to out-select NOB: high temperature
(Hellinga et al., 1998); low DO (Joss et al., 2009); low solids retention time (SRT) (van
Dongen et al., 2001); and free ammonia (FA) inhibition (Anthonisen et al, 1976).
However, since FA inhibition is not available at the lower total ammonia concentrations
that occur in domestic wastewater and temperatures vary enough so that reliable high
temperature selection is not viable, different strategies are needed for NOB out-selection
in mainstream processes. In a preliminary study using a continuous flow single CSTR,
Regmi et al. (2014) demonstrated unique mainstream strategies for achieving sustained
NOB out-selection (Table 27).
Table 27. Strategies used by Regmi et al. (2014) to achieve NOB out-selection during
mainstream treatment.
Strategy

Action

Impact

Control Basis

Optimum aerated and unaerated
volume for nitrification and
denitrification. Optimum alkalinity
for AOB growth. Residual
ammonium supports higher AOB
growth rates

Control based on real
time effluent NH4+,
NO2', NO3' signals

2

Intermittent
aeration and
bioavailable
COD

Allow NO2' consumption by
denitrifiers

Upstream organic
carbon treatment system

3

DO =1.6 mg/L

AOB grows faster than NOB

Control DO set-point

4

Aggressive low
SRT

AOBs to grow rapidly, making them
competitive relative to stressed
NOBs due to strategies 1,2 and 3.

Wasting

1

nh:

N0'2+N0'3
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These strategies, however, have not yet been tested for reliable NOB out-selection in a
wide range o f loading conditions in more practical plug-flow configurations.
The slower doubling times and sensitivity o f anammox bacteria (AMX) towards
dissolved oxygen and high carbon concentrations were thought to be the obstacles for
mainstream implementation. In a preliminary study, the mainstream anammox polishing
moving bed biofilm reactor (MBBR) coupled to the AvN CSTR demonstrated a highly
stable mainstream deammonification (Chapter 7). The limitation o f NOB out-selection in
the AvN reactor resulting in more N 0 3 "-N than N 0 2 '-N severely limited the nitrogen
turnover through the anammox metabolism.
Recently, the capability o f certain AMX species to oxidize volatile fatty acids with N 0 3 ‘
as the electron acceptor has been demonstrated (Guven et al., 2005, Kartal et al., 2007,
Winkler et al., 2012). Since, AMX coverts the fatty acids directly to CO 2 without
incorporating into the biomass, the yield associated with such metabolism is low
(Winkler et al., 2012) and can be considered advantageous. On the other hand, at a
carbon to nitrogen ratio o f greater than 1, heterotrophs are shown to out-compete AMX
(Guven et al., 2005). The removal o f N 0 3 ‘ produced from the AMX reaction or resulting
from uninhibited NOB is o f significant importance when anammox is used for nitrogen
polishing to meet stringent permits.
In this study, an A-B process was piloted with the principal objective o f mainstream
repression o f nitrite oxidation and implementation o f anammox. The A-stage (i.e., the
high rate carbon removal process) was operated under strategies to control the effluent
carbon to ammonia ratio ( 8 > COD/NH 4 +-N<l 1) that would be optimum for the B-stage
nitrogen removal. The B-stage, this paper’s focus, consisted o f an aggressively operated
(i.e., short SRT and HRT) nitritation-denitritation process [named AOB versus NOB
(AvN)] and was followed by an anammox moving bed biofilm reactor (MBBR) for
nitrogen polishing. The combined AvN and the anammox MBBR was named AvN+. The
B-stage AvN was operated under an intermittent aeration control strategy that targeted an
effluent oxidized nitrogen to ammonia nitrogen [(N 0 2 ‘-N +N 0 3 '-N)/NH 4 +-N] ratio o f 1.
In this chapter, two aspects o f the pilot study are presented: 1) Nitrite oxidizing bacteria
(NOB) out-selection in AvN and nitrogen removal performance by the AvN+ process at
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different loading and operating conditions 2) The enhancement o f nitrate and ammonia
removal in the anammox (MBBR) with acetate (COD/ N 0 3 '-N < 1.5) addition to meet
stringent nitrogen permit limits.

8.2 M aterial and M ethods
T he AvN+ pilot
The pilot process described in this study was part o f a larger configuration including a
high rate activated sludge A-stage (HRT= 30 minutes, SRT = 0.25 days) for COD
removal providing the influent for the AvN reactor (Figure 37). In this paper, the focus is
only on the performance and operation o f the AvN+ process.

B-stage(AVN+)
Anammox MBBR

AVN
AER

AER

AER

SCL

AER

ANX

WAS

Acetate

Figure 53. Process flow diagram o f the AvN+ process.

The AvN process included four equal sized reactors with combined aeration tank volume
of 0.6 m 3 followed by a clarifier. Each reactor was equipped with a variable speed mixer
(G = 106 s '1) in order to maintain completely-mixed conditions. Return activated sludge
(RAS) from the clarifier was returned to the first AvN reactor with a peristaltic pump at
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100% o f the influent flow rate. SRT was controlled by wasting solids from the last
reactor with a programmable digital peristaltic pump. All AvN reactors were equipped
with sensors to monitor DO (Hach LDO, CO, USA) while the last reactor was also
monitored for N 0 3 '-N , N 0 2 '-N (s::can Spectro::lyser, Austria), and N H 4 +-N (WTW
VARiON, Germany). NH 4 +-N, N 0 3 '-N, N 0 2 '-N signals were used to control aeration
(Figure 38).

DO = set point

DO
Controller/
PLC
Aerobic
D uration
C ontroller/
PLC

NOX-N/NH4 -N
= setpoint

[03-!

Air

Figure 54. AvN controller depicting aerobic duration controller receiving NH 4 + (WTW
VARiON, Germany), NO 2 ' and N O 3 ' (s::can Spectro::lyser, Austria) signals and DO
controller receiving dissolved oxygen (Hach LDO, USA) signal.

The anammox MBBR had a volume o f 0.45 m 3 where 50% o f the volume was filled with
K3 biofilm carriers (AnoxKaldnes, Sweden). The volume was later changed to 0.34 m 3
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on day 85. The effective surface area o f the carriers was 500 m 2/m 3. Mechanical mixing
o f carriers was achieved by a variable speed mixer (G = 14 s '1). The pH was recorded
continuously by an online pH probe and the reactor was covered with Styrofoam to avoid
oxygen transfer from the atmosphere.
To assess the performance o f the AvN+ process within different loading conditions the
HRT o f the entire system was changed during the study as seen in Table 28.

Table 28. Five phases o f the study based on changes to the HRT.

Phase 1
Phase 11
Phase III
Phase IV
Phase V

AvN
HRT (h)
3
4
6
2
3

Anammox MBBR
HRT (h)
2.2
2.2
3.4
1.1
1.7

AvN+
Total HRT (h)
5.2
6.2
9.4
3.1
4.7

Length

Number of Days

(d)
0-84
85-118
119-160
161-204
205-220

84
34
42
44
16

To enhance the N O 3 ' removal in anammox MBBR acetate (Sodium Acetate) was added
from days 102-161. The target COD/NCb'-N ratio was around 1.

AvN (NH4-NO x) aeration control
To impose conditions favorable for N O B out-selection and to provide effluent suitable
for anaerobic ammonia oxidation (anammox) polishing, an aeration controller was
developed which uses online in-situ DO, N H /, NO2' and NO3' sensors. The first
component o f AvN control was the aerobic duration controller with the goal o f
maintaining equal effluent NH4+-N and N O x-N (N O x-N/NH4+-N = 1) in the AvN effluent
at all times. The latter would guarantee a treatable effluent for the final polishing step
with AMX. The other component o f the AvN control was the DO controller, which
maintains the DO at a desired set-point during the aerated period (Figure 54).
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Under the AvN strategy, NH 4 +-N was compared to the sum o f NCh'-N and NCb'-N (NOxN). First, the cycle duration (aerobic duration + anoxic duration) had a defined minimum
and maximum aerobic duration. The cycle duration was kept constant at 16 minutes
during the entire experiment and minimum and maximum aeration times were set at 4
and 12 minutes, respectively. These set points were selected to avoid the NHU+-N below
1.5 mg N/L. As the AvN controller aimed at ammonium concentrations equal to N O x
concentrations, aerobic duration was increased up to a predetermined maximum aeration
time set-point, while maintaining the cycle duration constant at N O x-N over NH 4 +-N
ratios less than 1. When NH 4 +-N was less than NOx-N, aerobic duration was decreased
until it reached the minimum aeration time. When aerated, the proportional-integralderivative (P1D) controlled a mechanically operated valve (MOV) to maintain the target
DO set-point o f 1.6 mg O 2 /L.

Influent/Effluent monitoring
Performance o f the AvN pilot was monitored by collecting 24-hr flow-weighted
composite samples from the influent and effluent. Samples were analyzed for TSS, VSS,
total and soluble COD, TKN, TP, OP, N O f-N , N O f-N , NH4+-N and alkalinity. All
relevant analytical methods for solids and liquids are presented in Table A1 and Table
A2.

Microbial activity measurements
To measure maximum AOB and NOB activity, 4 L samples were collected and dispensed
into 4L vessels from the AvN CSTR and aerated for 30 minutes to oxidize excess COD,
and spiked with 20-30 mg/L NH 4 +-N (as ammonium chloride) and 2-4 mg/L N 02‘-N (as
sodium nitrite), respectively, and sampled continuously for 1 hour at 20-minute intervals.
All collected samples were analyzed for NFLC-N, NO 2 -N, and NO 3 -N. Mixing was
provided by a magnetic stir bar. The DO concentration was maintained between 2.5 and 4
mg O 2 /L. pH was maintained between 7-7.5 by adding sodium bicarbonate. The AOB
rates were calculated as the slope o f the NOx-N production and NOB rates were
calculated as the slope o f the W V -N production.
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AMX activity tests
To measure maximum AMX activity, the anammox MBBR was isolated from the
system. A sample was taken for sCOD, NH 4 +-N, NCh'-N, and NO 3 -N. The MBBR was
spiked with 8 m g/LN H 4 +-N (ammonium chloride) and 10 mg/LNC>2 '-N (sodium nitrite)
and sampled continuously at 20-minute intervals until theNCh'-N was less than 1.5
m g/L N 02‘-N. On the last sample o f the activity measurement, a sCOD sample was
taken along with NH 4 +-N, N02'-N, and M V -N . The DO concentration was maintained
close to 0 mg O 2 /L and was recorded at 20 minute intervals along with the pH. NH 4 +-N
and N 02‘-N uptake rates were calculated as the slope o f the NH 4 + and N O 2 ' values
measured during the activity test. N O 3 ' production rates were calculated as the slope o f
the N 0 3 '-N values. The results o f the tests are presented by the unit o f gN/m2/d.

Biomass density
Biomass density measurements were performed according to the method described by
Regmi et al. (2011). Measurements were performed bi-weekly during the study.

Molecular methods for microbial quantification
DNA and RNA extraction was conducted using the DNeasy and RNeasy mini kits
(Qiagen, CA).

Resulting DNA and RNA concentrations and quality were initially

checked by UV spectrophotometry (Varian, CA). The abundance o f AOB and NOB was
quantified via SYBR® Green chemistry quantitative polymerase chain reaction (qPCR)
assays, NH 4 + monooxygenase subunit A (amoA) gene (Rotthauwe et al., 1997),
Nitrobacter 16S rRNA gene (Graham et al., 2007) and Nitrospira 16S rRNA gene
(Kindaichi et al., 2007), respectively. Total bacterial abundance was quantified using
eubacterial 16S rRNA gene targeted primers (Ferris et al., 1996). qPCR assays were
conducted on a iQ5 real-time PCR thermal cycler (BioRad Laboratories, Hercules, CA).
Standard curves for qPCR were generated via serial decimal dilutions o f plasmid DNA
containing specific target gene inserts.

qPCR for standard plasmid DNA and sample

DNA were conducted with duplication and triplication, respectively.

DNA grade
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deionized distilled water (Fisher Scientific, MA) was used for non-template control.
Primer specificity and the absence o f primer-dimers were confirmed via melt curve
analysis o f each and every qPCR profile.
The abundance o f AMX was quantified via SYBR® Green chemistry quantitative PCR
(qPCR) assays targeting AMX 16S rRNA gene (van der Star et al., 2007). C. “Brocadia
fulgida” specific qPCR assay was applied based on the highly variable region o f the hzsA
gene (Park et al., in submission).

qPCR primers were used with TaqMan chemistry

(forward, 5’-AGT TAG TGA GTG TGG ATG GCG TGT-3’; reverse, 5’-TCA TCC TGC
GTG AGG AAC TTG TCA-3’; probe, 5V56-FAM /AT TCA GCC G/Zen/T GCG TAC
ACC AGC TTG CTT /3IABkFQ/-3’) (IDTDNA, IA).
qPCR assays were conducted on a iQ5 real-time PCR thermal cycler (BioRad
Laboratories, CA). Standard curves for qPCR were generated via serial decimal dilutions
o f plasmid DNA containing specific target gene inserts.

qPCR for standard plasmid

DNA and sample DNA were conducted with duplication and triplication, respectively.
DNA grade ddFI20 (Fisher Scientific, MA) was used for non-template control. Primer
specificity and the absence o f primer-dimers were confirmed via melt curve analysis. The
samples are collected using methods described in A l and A2.

8.3 Results and Discussion
AvN+ Nitrogen Removal Performance
The AvN process was started with non-nitrifying biomass from a high rate activated
sludge plant, while the anammox MBBR was enriched with AMX on the biofilm carriers
from a prior study (Chapter 7). AOB activity in the AvN process was established within
two weeks into the study with the effluent NH 4 +-N below 10 mgN/L (Figure 55a). NOB
activity was lower than AOB activity during this time as high concentrations o f N02"-N
were observed in the effluent. The anammox MBBR removed NO 2 ' and NFU+-N without
any indication o f lag during the startup (Figure 57b). The influent NFLf-N concentration
to the AvN fluctuated between 25-40 mgN/L (Figure 55a).
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Figure 55. a) Trends o f AvN influent NH 4 +-N and effluent NH 4 +-N, N O 3 -N, NCh'-N
during the entire study, b) Trends o f anammox MBBR effluent NH 4+-N, NCV-N, NCh'-N
during the entire study.
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The key effluent parameters o f the A-stage (influent to the AvN), AvN and anammox
MBBR averaged over the 220 days o f operation are presented in Table 29. The average
influent COD/NH 4 +-N ratio to the AvN was 8.9, which can be considered limiting to
achieve a high degree o f nitrogen removal in a combined carbon and nitrogen removal
system through nitrification and denitrification. Almost half o f the influent COD to the
AvN was in the soluble form. The AvN effluent NH 4 +-N averaged

6 .6

and the average

NOx-N was 6.7 during the entire study, which demonstrates that the AvN aeration
controller was able to achieve its goal.

Table 29. The key effluent parameters o f the A-stage, AvN, and anammox MBBR during
the study period o f 220 days. (Average±Standard Deviation).
A-stage effluent

AvN effluent

Anammox effluent

COD (mg/L)

296±71

52±14

41±11

sCOD (mg/L)

147±37

30±4

26±4

COD/NHT-N

8.9±1.8

-

-

N H f (mgN/L)

33.4±4.4

6.6±2.4

4.5±2.6

NOx (mgN/L)

-

6.7±2.9

4.2±2.3

NOy (mgN/L)

-

4.6±1.9

4.0±2.2

NOf (mgN/L)

-

2.1±1.3

0.21 ±0.15

OP (mgP/L)

2.9±0.9

2.5±0.7

2.5±1.1

TSS (mg/L)

83±30

25±12

20±10

pH*

6.9±0.1

6.7±0.1

6.7±0.1

Temperature (°C)*

24.5±1.3

23.9±1.3

23.4±1.2

Parameter

♦Measured in the reactor with sensors

The TIN removal performance o f AvN+ system was 75±15% during the study at a
modest influent COD/NTLf-N ratio o f 8.9±1.8 . The TIN removal efficiency o f the AvN+
process within the HRT range o f 3.1 to 9.4 h (Table 28) and at different A-stage COD
removal efficiencies can be seen in Figure 56. In Phase III (AvN+ HRT = 9.1 h) the TIN
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removal efficiency averaged 91%, which was the highest among all phases. In Phase III
the A-stage COD removal efficiency averaged 41% which resulted in the influent
COD/NH 4 +-N ratio o f 10.5. The relative TIN removal contribution o f anammox MBBR
was very stable within in the study period (Figure 56). Since, a significant amount o f TIN
removal was taking place in the AvN process during Phase III, the anammox contribution
was limited to

8

% which is lower than the average o f 11% for the entire study. It is

worthwhile to note that Phase III was also the period with the lowest NOB out-selection
as indicated by nitrite accumulation ratio (NAR) o f 0.16 and the ratio o f maximum NOB
activity and maximum AOB activity (NOB rate/AOB rate) o f 1 (Table 30).

TIN removal efficiency (%):
Relative anammox contribution(%):

I
69±13

m

IV

81±12

91±4

69±10

67±11

12±2

8±2

8±2

14±2

15±3

10.54:1.0

9.1±1.9

n

9.1±1.4

Influent COD/NH4-N ratio: S .2 ± 1 .S
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Figure 56. The TIN removal performance o f the AvN+ process showing relative
contribution from AvN and anammox MBBR during the study period at different influent
COD/NH 4 -N ratio. Acetate was added to anammox MBBR the days o f 104 to 162.
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In Phases I, IV and V, AvN+ was operated at a very low HRT (Table 28). The overall
TIN removal efficiencies during these periods were similar, however, increased TIN
removal contribution by anammox was observed (Figure 56). The high TIN removal
contribution from anammox was due to relatively high NAR in the AvN effluent during
those periods (Table 30). In fact, during Phase V TIN removal efficiency o f 67% was
achieved at an influent COD/NH 4 +-N ratio o f only 7.2. Consequently, it shows that AvN+
can be operated within a small volume to achieve relatively high nitrogen removal
performance even with an aggressively operated upstream COD recovery system. Such
performance was made possible by NO 2 'accum ulation in the AvN process which allowed
downstream nitrogen polishing via anammox metabolism.

AvN NOB out-selection and overall performance
The TIN removal performance o f AvN process fluctuated during the study and was
dependent on the influent COD/NH 4 +-N ratio (Table 30). The NH 4 +-N loading rate to the
AvN process was varied by changing the HRT o f the system during different phases o f
the study. During the Phase IV, the average NH 4 +-N loading rate was 339 mgN/L/d with
average TIN removal rate and TIN removal efficiency o f 172 mgN/L/d and 51%
respectively at an average influent C O D /N H f-N ratio o f 9.1 (Table 30).
The low average TIN removal efficiency during Phase IV was further inflicted by a
sudden loss o f mixed liquor suspended solids (MLSS) on day 178 due to clarifier
malfunction (Figure 57). The consequence o f rapid loss o f AOB population during Phase
IV was the increase in the aerobic fraction (which is controlled to maintain effluent
NH 4 +-N = effluent NOx-N), which causes more aerobic oxidation COD, and less COD
being available for NOx-N reduction (Table 30). The result o f this is reflected in a high
ratio o f COD removal rate and TIN removal rate (14.0±3.1) during Phase IV (Table 30).
Similarly, in Phase I the ratio o f COD removal rate and TIN removal rate was 14.0±4.1.
The reason o f this inefficient utilization o f influent COD for nitrogen removal can be
attributed to the low AOB rates during startup and sudden loss o f mixed liquor that
occurred on day 62 and overall high aerobic fraction (0.55±0.10) (Figure 57, Table 30).
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In Phases II, III and V the ratio o f COD removal rate to TIN removal rate were lower and
the aerobic fraction also remained lower (Table 30).

Table 30. Performance and other relevant data o f AvN during the study period o f 220
days. (Average±Standard Deviation).
Phase

I

II

III

IV

V

HRT (hr)

3

4

6

2

3

276±35

228432

130411

339435

222426

142456

157459

10549

172438

104446

TIN removal efficiency (%)

51418

70415

8245

51411

46415

Influent COD/NH4+-N

8.241.8

9.141.4

10.541

9.141.9

7.241.2

14.044.1

11.242.1

11.141.3

14.043.1

11.741.3

0.5540.10

0.4340.06

0.3840.04

0.6040.10

0.3640.07

0.9740.21

0.6840.25

0.5340.10

0.8840.15

0.6540.23

0.35±0.1

0.2040.05

0.1640.05

0.3640.08

0.3740.05

NOB rate/AOB rate * (%)

66417

81413

10048

6947

6547

SRT (d)

7.342.6

6.241.2

4.640.8

5.541.6

3.340.5

3336±808

38884661

26754451

33104603

17904512

138447

133429

111427

120429

133419

1.06±0.22

0.9940.34

1.2340.18

1.0240.22

1.0940.15

NH4+-N loading rate
(mgN/L/d)
TIN removal rate
(mgN/L/d)

COD removal rate/TIN
removal rate
Aerobic Fraction
NHT-N loading rate/AOB
rate*
NAR

MLSS (mg/L)
SVI (mL/g)
Effluent NOx-N/Effluent
n h 4+-n

*From weekly ex-situ batch measurements for AOB and NOB maximum activity
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Figure 57. Trends o f key parameters for the assessment o f NOB out-selection a) NH 4 +-N
loading rate and nitrite accumulation ratio b) Total AvN SRT and aerobic fraction c)
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NOB out-selection was indicated through ex-situ maximum AOB and NOB activity
measurements, NAR, and targeted molecular analysis for bacterial populations. The
trends and averages o f NAR during different phases o f the study can be seen in Figure
57a and Table 30, respectively. The trends presented in Figure 58b show that maximum
AOB activity remained greater than maximum NOB activity during most o f the study
duration. The results o f the targeted molecular analysis for AOB, NOB (Nitrobacter sp.
and Nitrospira sp.) and total bacterial population further substantiates that NOB
population declined during the period o f low NOB activity (Figure 58a).
The role o f maintaining a residual effluent NH 4 +-N (>1.5 mg N/L), operating at high DO
(>1.2 mg O 2 /L) and a short SRT in an intermittently aerated system (providing
heterotrophic competition for N 0 2 '-N) for NOB out-selection is documented by Regmi et
al. (2014). The latter strategies were used in this study as well for NOB out-selection,
however, the aggressive operation brought upon by changing the influent NH 4 +-N loading
was used as an additional feature to control NOB.

The NH 4 +-N loading rate had a

positive relationship with NAR and therefore NOB out-selection except on two occasions
when there was a sudden biomass loss (Figure 57a). When the system is operated
aggressively towards wash out o f AOB, the ratio o f NH 4 +-N loading rate/AOB rate is
expected to be higher. This ratio remained high during Phases I and IV and NOB outselection as indicated by NAR o f 0.35 and 0.36, respectively (Table 30). However, the
ratio o f NH 4 +-N loading rate/AOB rate was low (0.65±0.23) during Phase V despite the
very high NAR (0.37±0.05). During Phase V, a strategy to tightly control the SRT was
implemented which allowed the system to be operated at a very low SRT. The SRT
during Phase V was lower than 4 days and the aerobic fraction was below 0.4 (Figure
57b). The low influent COD/NH 4 +-N during Phase V (Figure 57c) was another factor that
was not expected to favor NOB out-selection due to reduced heterotrophic competition
for NO 2 -N with NOB. The implications o f sustaining NOB out-selection at low
COD/NH 4 +-N would allow more COD capture upstream for energy production as well as
increase the relative nitrogen removal contribution by anammox. Consequently, savings
in terms o f B-stage tank volume, aeration energy, and chemical additions can be
maximized for more sustainable nitrogen removal.
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copies o f DNA per mL o f sample from targeted qPCR (a) and weekly AOB and NOB
activities (b).
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Anammox MBBR Overall Performance and Nitrate Removal
The TIN removal efficiency o f the anammox MBBR was 38±12%. The TIN removal in
the anammox MBBR was limited by the influent N O 2 -N concentration as near complete
N 0 2 '-N removal was observed (Table 29). Since N 0 2 '-N was the limiting substrate for
the anammox reaction, the TIN removal rate responded to the changes in the N 0 2 '-N
loading rate (Table 31). During Phase IV, the TIN removal rate (0.36±0.07 gN/m 2 /d) as
well NCh’-N loading rate (0.182±0.051 gN/m 2 /d) were highest for the entire study period
(Table 31). The maximum TIN removal rates from batch testing were more than three
times greater than observed TIN removal rates during high N O 2 -N loading periods
(Phase I, IV, and V) (Table 31). During the low NCh'-N loading periods (Phase II and
III), the maximum TIN removal rates were more than eleven times greater than the
observed TIN removal rates (Table 31). This relatively high enrichment o f AMX in a
biofilm provides the stability to the nitrogen polishing step providing safety during
periods o f peak loads. The stoichiometric ratio associated with anammox reaction during
maximum activity measurements were close to theoretical values proposed by Strous et
al., (1998). The biomass density increased steadily during the course o f the study
reaching 5.8 g/m 2 from the initial biomass density o f 2.7 g/m 2 (Table 31). Although the
NCh'-N loading was decreased during Phases II and III, the biomass density continued to
increase (Table 31).
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Table 31. Performance and other relevant data o f AvN during the study period o f 220
days. (Average±Standard Deviation).

Parameter
TIN removal rate

Phase 1

Phase II

Phase HI

Phase IV

Phase V

0.23±0.08

0.11±0.04

0.09±0.06

0.36±0.07

0.26±0.05

0.118±0.05

0.038±0.02

0.012±0.00

0.182±0.05

0.129±0.04

8

1

4

1

3

33±9

35±13

50±17

38±7

39±4

0.71±0.06

1.35±0.16

1.03±0.09

1.17±0.20

1.06±0.11

1.47±0.20

1.42±0.02

1.45±0.14

1.49±0.13

I.48±0.15

0.29±0.06

0.26±0.02

0.23±0.04

0.22±0.06

0.33±0.10

2.7±0.33

3.3±0.21

3.7±1.I

5.1±2.0

5.8±1.0

(gN/m2/d)
NCh'-N Loading rate
(gN/m2/d)
TIN removal
efficiency (%)
Max TIN removal rate
(gN/m2/d)*
NOf-N
removed/NH4+-N
removed*
n o 3--n

produced/NH4+-N
removed*
Biomass density
(g/m2)**
*From weekly in-situ AMX maximum activity measurements. **From bi-weekly biomass
density measurements of the MBBR media. The acetate was added to the anammox MBBR at the
middle of phase II and entire period during phase III.

With the goal o f improving TIN removal efficiency, a limited amount o f acetate was
added to the anammox MBBR from days 104-162, which included half o f Phase II and
the entire Phase III. During Phase III, the TIN removal efficiency averaged 50%, which
was highest among all phases despite receiving the lowest amount o f NCh'-N (Table 31).
This was possible due to the addition o f acetate which was responsible for N O 3 -N
removal (Figure 59). In fact, the N O 3 -N removal during the acetate addition was 2-3
times more than NCb'-N removal that was observed without acetate addition (Figure 59).
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Further, the NFL}+-N removal in the anammox MBBR during acetate addition was much
higher than that could be accounted for by the anammox stoichiometric value (N 0 2 *-N
removed:NH 4 +-N removed = 1.32). The ratio o f NCh'-N removed: NH4+-N removed was
almost three times lower during the period o f acetate addition (Figure 59). On the
contrary the ratio o f NOx-N removed: NH 4 +-N removed was closer to the anammox
stoichiometric value (Figure 59). This suggests that N 0 3 '-N reduction to N 0 2 '-N was
supplying AMX their substrate for anaerobic NFLi+-N oxidation. In limited carbon
addition (acetate) conditions certain species o f AMX are known to reduce N 0 3 ‘-N to
N 0 2 '-N to create their own substrate for NFLj+-N oxidation (Kartal et al., 2007).
However, heterotrophic denitratation in carbon limited conditions could also provide
NCh'-N for anammox metabolism.
The molecular results reveal that both mechanisms might be responsible. The fully
anoxic anammox MBBR was primarily colonized by AMX bacteria, which can be
observed from the total 16S and AMX 16S qPCR measurements which were very close
to one another (Figure 60). However, when the acetate addition was initially started, the
gap between the AMX 16S and total 16S measurements widened indicating possible
increase o f heterotrophic population (Figure 60). Further, the difference in AMX 16S and
total 16S measurements got smaller during the second half o f the acetate addition period
(Figure 60). This could be indicative o f either AMX developed the capabilities to reduce
NCb'-N to NCh’-N or the new species o f AMX with such capability were selected within
three weeks o f acetate addition. However, the changes in AMX abundance over 2-3
weeks periods can be considered puzzling and needs further investigation in future
considering slow growth and decay rates o f AMX. Either o f the two mechanisms are not
likely to significantly affect advantages associated with NCb'-N removal in an anammox
reactor with limited acetate addition.
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Figure 59.The ratio o f NCV-N removed: NH4+-N removed and ratio o f NO x-N removed:
NH 4 +-N removed. Acetate (COD/NO 3 -N = 0.9±0.6) was added to the anammox MBBR
between day 104 and day 162.
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8.4 Conclusions
The AvN+ implemented downstream o f a high rate activated sludge process (HRT = 30
min) operated at an average COD removal efficiency o f 50% demonstrated average TIN
removal efficiency o f 75% at 24 °C. When the AvN was operated aggressively (i.e., low
HRT and short SRT) NOB out-selection was more rampant than when it was operated
with long HRT and SRT. The ex-situ maximum activity tests revealed that the ratio o f
NOB rate to AOB rate was 0.75±0.18 during the study.
To meet stringent effluent nitrogen permit, energy and resource intensive tertiary
treatments are used to eliminate remaining few percentages o f nitrogen, which accounts
for almost half o f GHG emissions o f the entire plant (Falk et al., 2013). In this study,
nitrogen polishing in a small foot-print anammox MBBR without aeration and with little
to no addition o f external carbon sources (COD/NCb'-N ratio o f 0.9±0.6) was
demonstrated. Nitrate production during the anammox reaction often limits the nitrogen
removal through anammox metabolism. The removal o f nitrate and thus induced
ammonia removal by a post-polishing MBBR with anammox was shown, which extends
the applicability o f anammox for mainstream nitrogen removal to meet lower effluent
nitrogen permits at a limited external carbon dosage.
Therefore, the AvN+ system exploiting short-cut nitrogen removal showed that COD
capture for energy production is possible without compromising nitrogen removal
performance.
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CHAPTER 9

CONCLUSIONS AND FUTURE PERSPECTIVES

In the context o f rapid urbanization and population growth, the wastewater industry is
faced with increasingly stringent regulations in order to protect receiving water quality.
The very low nitrogen discharge limits intended to protect water quality often requires
treatment technologies that are not sustainable. Technological advancements in
wastewater treatment often follow changes to the regulatory requirements that demand
increased efficiency and reduced capital or operating costs to remain sustainable.
Innovative wastewater treatment technologies are expected to consider and minimize
energy (e.g., electricity, natural gas, liquid fuels for transportation), chemicals (e.g.,
external

carbon,

alkalinity,

polymers),

and

infrastructure

(e.g.,

concrete,

real

estate/facility footprint) associated with advanced treatment requirements. In the U.S., the
focus on restricting nutrient discharge has outweighed sustainability o f corresponding
treatment. Further, restrictions on nutrient discharge in nutrient-sensitive regions o f the
U.S. have resulted in incremental changes to conventional technologies that are
inefficient and costly. Innovations in wastewater sustainability have primarily been
centered in Europe over the last several decades. However, technical and financial
challenges o f meeting these regulations sustainably are forcing wastewater treatment in
the U.S. to minimize and recover resources where possible. Recently, the rate o f adoption
o f innovative technologies among wastewater utilities in the U.S. is increasing driven by
a desire to reduce aeration energy demands, recover resources, reduce the footprint o f
treatment plants, and tighten design criteria. The very innovative and efficient sidestream
deammonification is a prime example o f such technology.
Traditional biological nitrogen removal systems are based on the conventional activated
sludge systems designed predominantly for carbon removal. In these systems nitrogen
and carbon removal occur within a single sludge as multiple microbial groups (e.g.,
ordinary heterotrophic organisms or OHO; ammonia oxidizing bacteria or AOB; nitrite
oxidizing bacteria or NOB; polyphosphate accumulating organisms or PAO) co-exist
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across a range o f redox conditions. The shortcoming o f combined carbon and nitrogen
removal systems is that microbial groups spend a significant amount o f time functioning
outside the optimal growth range which impedes overall performance. Moreover, large
safety factors are needed for sensitive microbial groups such as AOB (ammonia
removal), resulting in more than adequate conditions for less sensitive heterotrophs
(carbon removal). The A-B process is a two sludge system that consists o f a very highrate activated sludge (HRAS) A-stage for carbon removal followed by another activated
sludge process, a B-stage for nitrogen removal. A highly compact A-stage concentrates
carbon present in the raw wastewater, which can be digested to produce electricity.
However, low carbon to nitrogen ratio in the B-stage limits the conventional nitrificationdenitrification to meet nitrogen discharge limits sustainably. Short-cut nitrogen removal
in the B-stage requiring less aeration and carbon could result in highly efficient
wastewater treatment. NOB out-selection is key to the short-cut nitrogen removal, which
has been easy to achieve in high ammonia and temperature wastewater. The mainstream
NOB out-selection remains a topic o f research and is critical for success o f the energy
efficient A-B process to achieve cost-effective nitrogen removal. The short-cut nitrogen
pathway, exploiting AOB and AMX organisms (i.e., deammonification), is the most
sustainable approach to remove nitrogen from wastewater. However, AMX are slow
growing and require very long SRTs. The retention o f AMX and enrichment to the
significant extent to be dominant pathway for nitrogen removal in mainstream is a
challenge.
This

dissertation

deals

with

challenges

of

implementation

of

mainstream

deammonification in a highly efficient A-B process. The A-stage was a high rate
activated sludge system for carbon removal and the B-stage consisted o f activated sludge
system that targeted NOB out-selection which was followed by a fully anoxic anammox
MBBR. The major outcomes o f this study can be summarized as follows:
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An A-B process pilot study was conducted over a two-year period. The A-B pilot
separated the carbon and nitrogen removal metabolic processes into distinct
treatment steps. A high rate A-stage (HRT = 30 min) was operated with carbon
removal efficiency o f -50% . B-stage activated sludge process was operated under
controlled intermittent aeration targeting effluent ammonia and NOx equal in the
effluent, short SRT and HRT to achieve NOB out-selection and efficient nitrogen
removal with low influent COD/NH4-N ratio (<10).
Anammox was implemented in a fully anoxic MBBR that received effluent from
the activated sludge process. In a unique startup strategy, the anammox reactor
filled with biofilm carriers was seeded with full-scale sidestream anammox
granules with a temporary clarifier and a recycle line. The anammox activity was
observed within 2 weeks o f seeding. The nitrite concentration in the effluent o f
activated sludge process limited the overall nitrogen removal contribution by
anammox.
The limited NOB out-selection in the activated sludge process resulted in nitrate
in the effluent. With limited acetate addition (COD/NCb'-N -1 ) the MBBR
demonstrated nitrate removal and corresponding stoichiometric ammonia removal
through anammox metabolism. A very high maximum anammox activity o f
>lgN /m 2/d was achieved which provided high degree o f stability since the
nitrogen loading to the MBBR was below 0.25 gN/m2/d for the most part o f the
study.
Therefore, the application o f mainstream deammonification as shown in this study has
the potential to be a true game-changer and a new model for cost-efficient, space saving
and potentially energy-neutral wastewater treatment.

It not only reduces operational

energy requirements and external carbon dosage, but also allows for more efficient use o f
the wastewater carbon for energy production. As this technology becomes available, it
can be employed by utilities around the world to help preserve receiving waterways from
the impacts o f excessive nitrogen loading, and all at a reduced energy and land-use cost.
In this context, integration o f findings from this study into wastewater treatment plant
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design criteria will provide opportunities for developing countries to leapfrog toward a
more sustainable alternative.
The deployment o f the technology developed in this study at a large scale would greatly
benefit from strategic development o f processes tailored around constraints o f wastewater
treatment throughout the world.
The prospect o f converting wastewater treatment plants from consumers to the producers
o f energy is a fundamentally far-reaching idea that has the potential to change the entire
industry and its impact on the environment and the people. The opportunities to mitigate
short-comings and inefficiencies that have crippled the expansion and implementation o f
biological nitrogen removal technologies in terms o f capital and operational cost, carbon
and physical foot-print, energy and chemical usage can hardly be over-stated. This study
involved a systematic and science-based characterization o f the different factors and
conditions, which are crucial for the successful full-scale implementation o f mainstream
deammonification or mainstream nitrite shunt. From a fundamental perspective, it has
provided a significant knowledge into the microbial ecology, metabolic pathways and
parameters o f different microbial populations engaged in nitrogen-cycling in mainstream
deammonification and nitritation-denitritation reactors. Development o f practical design
configurations and guidelines will be the next step towards the deployment o f the
knowledge acquired during this study. To this end computational simulation by
developing process models will be a crucial and non-trivial effort due to the dynamic
nature o f the control systems employed in this work.

201

REFERENCES

Abeling U., Seyfried, C. (1992). Anaerobic-aerobic treatment o f high-strength ammonia
wastewater nitrogen removal via nitrite. Water Science and Technology, 26, 5-6,
1007-1015.
Abma, W., Driessen, W., Haarhuis, R., van Loosdrecht, M. (2010). Upgrading o f sewage
treatment plant by sustainable and cost-effective separate treatment o f industrial
wastewater. Water Science and Technology, 61, 1715-1722.
Ahn,J., Yu, R., Chandran, K. (2008). Distinctive microbial ecology and biokinetics of
autotrophic ammonia and nitrite oxidation in a partial nitrification bioreactor.
Biotechnology and Bioengineering, 100(6), 1078-1087.
Ahn, Y. (2006). Sustainable nitrogen elimination biotechnologies: A review. Process
Biochemistry 41,1709-1721.
Alghusain 1., Hao O. (1995) Use o f pH as control parameter for aerobic/anoxic
sludgedigestion. Journal o f Environmental Engineering. 121,3,225-235.
Alleman, J., Irvine, R. (1980) Storage-induced denitrification using sequencing batch
reactor operation. Water Research, 14, 1483-1488
Al-Omari, A., Wett, B„ Han, H., Hell, M „ Bott, C., Murthy, S. (2012). Full-plant
deammonification based on NOB-repression, AOB seeding, anammox seeding
and successful retention. IWA Nutrient Removal, Harbin, China.
Amand, L., Olsson, G., Carlsson, B. (2013). Aeration control - a review. Water Science
& Technology, 67(11), 2374.
Anthonisen, A., Loehr, R., Prakasam, T., Srinath, G. (1976). Inhibition o f nitrification by
ammonia and nitrous acid. Water Pollution Control Federation, 48(5), 835-52.
Bailey, W., Jr, Murthy, S., Benson, L., Constantine, T., Daigger, G., Sadick, T., Katehis,
D. (2008). Method for nitrogen removal and treatment o f digester reject water in
wastewater using bioaugmentation. US 7,404, 897 B2.
Barnes, D. and Bliss, P.J. (1983) Biological control o f nitrogen in wastewater treatment.
E. & F.N. Spon, London.
Bartosch, S., Hartwig, C., Spieck, E., Bock, E. (2002). Immunological detection o f
Nitrospira-Uke bacteria in various soils Microbial ecology, 43(1), 26-33.

202

Batchelor, B. (1983). Simulation o f single-sludge nitrogen removal. Journal of
Environmental Engineering. 109(1), 1-16.
Batchelor, B. (1982) Kinetic analysis o f alternative configurations for single-sludge
nitrification/denitrification. Journal (Water Pollution Control Federation), 54(11),
1493-1504.
Beier, M., Schneider, Y. (2008). Abschlussbericht Entwickelung von Bilanzmodellen fur
die Prozesse Deammonifikation und Nitritation zur Abbildung gross and
halbtechnischer Anlagen (Final report development o f balanse models for
deammonification and nitritation processes to illustrate full and half technical
scale installations). Leibniz University Hannover, Hannover, p. 39.
Bernet, N., Dangcong, P., Delgenes, J., Moletta, R. (2001). Nitrification at low oxygen
concentration in biofilm reactor. Journal o f Environmental Engineering, 127, 266271.
Bishop,

D.,

Heidman,

J.,

and

Stamberg,

J.

(1976).

Single-stage nitrification-

denitrification. Journal (Water Pollution Control Federation), 48(3), 520-532.
Blackburne, R., Vadivelu, V.M., Yuan, Z., Keller, J. (2007). Kinetic characterisation o f
an enriched Nitrospira culture with comparison to Nitrobacter. Water Research
41(14), 3033-3042.
Blackburne, R., Yuan, Z., Keller, J (2008a). Partial nitrification to nitrite using low
dissolved oxygen concentration as the main selection factor. Biodegradation,
19(2), 303-312. doi:10.1007/sl0532-007-91
Blackburne, R., Yuan, Z., Keller, J (2008b). Demonstration o f nitrogen removal via
nitrite in a sequencing batch reactor treating domestic wastewater. Water
Research, 42(8-9), 2166-2176.
Bock, E., Wagner, M. (2006) Oxidation o f inorganic nitrogen compounds as an energy
source, p. 457-495, In M. Dworkin, et al., eds. The Prokaryotes, Vol. 2. SpringerVerlag, New York.
Bohnke, B., Diering, B.C. (1980) Two-stage activated sludge process, Canada.
Bouchez, P., Dabert, Juretschko, D., Delgenes, Wagner, M. (2000). Ecological study o f a
bioaugmentation failure. Environmental Microbiology 2(2), 179-190.

203

Bournazou, M., Hooshiar, K., Arellano-Garcia, H., Wozny, G., Lyberatos, G (2013).
Model based optimization o f the intermittent aeration profile for SBRs under
partial nitrification. Water Research, 47(10), 3399-3410.
Bratby, J., Jimenez, J., Parker, D. (2012). The best Bang for the buck: making the most o f
available influent carbon for nutrient removal. Paper presented at the Water
Environment Federation Technical Exhibition Conference, New Orleans, LA.
Briggs, R. (1973). Instrumentation and control in sewage treatment. In: ICA (1973).
Bohnke, B., Diering, B. and Zuckut, S.W. (1997) AB process removes organics and
nutrients. Water environment and technology 9(3), 23-27.
Cao, Y„ Kwok, B. H., Yong, W. H , Chua, S. C., Wah, Y. L., & Ghani, Y. A (2013).
Mainstream Partial Nitritation-ANAM M OX Nitrogen Removal in the Largest
FullScale Activated Sludge Process in Singapore: process analysis. In WEF/IWA
Nutrient Removal and Recovery. Presented at the WEF/IWA Nutrient Removal
and Recovery, Vancouver, Canada.
Casey T., Wentzel M., Ekama G., Loewenthal R., Marais G. (1994). An hypothesis for
the causes and control o f anoxic-aerobic (AA) filament bulking in nutrient
removal activated sludge systems. Water Science and Technology, 29(7), 203-12.
Cema, G., Wiszniowski, J., Zabczynski, S., Zablocka-Godlewska, E., Raszka, A., &
Surmacz-Gorska, J (2007). Biological nitrogen removal from landfill leachate by
deammonification assisted by heterotrophic denitrification in a rotating biological
contactor (RBC). Water Science and Technology, 55(8-9), 35-42.
Chain, P., Lamerdin, J., Larimer, F., Regala, W., Lao, V., Land, M., Hauser, L., Hooper,
A., Klotz, M., Norton, J., Sayavedra-Soto, L., Arciero, D., Hommes, N.,
Whittaker, M., Arp, D., (2003). Complete genome sequence o f the ammoniaoxidizing bacterium and obligate chemolithoautotroph Nitrosomonas europaea. J
Bacteriol 185,2759-2773.
Chandran, K., and Smets, B.F. (2000) Single-step nitrification models erroneously
describe batch ammonia oxidation profiles when nitrite oxidation becomes rate
limiting. Biotechnol Bioeng 68: 396-406.

204

Chen, H., Liu, S., Yang, F., Xue, Y., Wang, T. (2009). The development o f simultaneous
partial nitrification, ANAMMOX and denitrification (SNAD) process in a single
reactor for nitrogen removal. Bioresource Technology, 100(4), 1548-54.
Chesapeake Bay Program (2012). http://www.chesapeakebay.net. Site accessed on
February, 2014.
Chiu, Y., Lee, L., Chang, C., Chao, A. (2007). Control o f carbon and ammonium ratio for
simultaneous nitrification and denitrification in a sequencing batch bioreactor.
International Biodeterioration and Biodegradation, 59(1), 1-7.
Christensson, M., Ekstrom, S., Chan, A. A., Le Vaillant, E., and Lemaire, R. (2013).
Experience from start-ups o f the first ANITA Mox plants. Water Science and
Technology, 67(12).
Chung, Y., Chung, M. (2000). BNP test to evaluate the influence o f C/N ratio on N 2 0
production in biological denitrification. Water Science and Technology, 42, 2327.
Ciudad, G., Rubilar, O., Munoz, P., Ruiz, G., Chamy, R., Vergara, C., Jeison, D. (2005).
Partial nitrification o f high ammonia concentration wastewater as a part o f a
shortcut biological nitrogen removal process. Process Biochemistry, 40(5), 1715—
1719.
Colliver, B., Stephenson, T. (2000). Production o f nitrogen oxide and dinitrogen oxide by
autotrophic nitrifiers. Biotechnol Adv 18, 219-232.
Constantine, T., Murthy, S., Bailey, W., Benson, L., Sadick, T., Daigger, G (2005).
Alternatives for treating high nitrogen liquor from advanced anaerobic digestion
at the Blue Plains AWTP. Proceedings o f WEFTEC, 78th Annual Conference &
Exhibition, Washington, DC, USA.
Daebel, H., Manser, R., Gujer, W. (2007). Exploring temporal variations o f oxygen
saturation constants o f nitrifying bacteria. Water Research, 41, 1 0 9 4 - 1102.
Daigger G., Littleton H. (2000). Characterization o f simultaneous nutrient removal in
staged, closed-loop bioreactors. Water Environment Research, 72(3), 330-338.

205

Daigger, G. T., Adams, C. D., Steller, H. K. (2007) Diffusion o f oxygen through
activated sludge floes: Experimental measurement, modeling, and implications for
simultaneous nitrification and denitrification. Water Environment Research,
79(4), 375-387.
Daims, H., Nielsen, J. L., Nielsen, P. H., Schleifer, K. H., Wagner, M. (2001). In situ
characterization o f Nitrospira-like nitrite-oxidizing bacteria active in wastewater
treatment plants. Applied and Environmental Microbiology, 67(11), 5273-84.
Daims, H., Nielsen, P.H., Nielsen, J.L., Juretschko, Wagner, M. (2000). Novel
Nitrospira-Uke bacteria as dominant nitrite-oxidizers in biofilms from wastewater
treatment plants: diversity and in situ physiology. Water Science Technology,
41:85-90.
Dalsgaard, T., Thamdrup, B. (2002). Factors controlling anaerobic ammonium oxidation
with nitrite in marine sediments. Applied and Environmental Microbiology, 68(8),
3802.
Dapena-Mora, A., Campos, J., Mosquera-Corral, A., Jetten, M., Mendez, R. (2004).
Stability o f the ANAMMOX process in a gas-lift reactor and a SBR. Journal O f
Biotechnology, 110(2), 159-70.
Dapena-Mora, A., Fernandez, I., Campos, J., Mosquera-Corral, A., Mendez, R., Jetten,
M. (2007) Evaluation o f activity and inhibition effects on Anammox process by
batch tests based on the nitrogen gas production. Enzyme and Microbial
Technology 40, 859-865.
De Clippeleir, H., Vlaeminck, S., Carballa, M., Verstraete, W. (2009). A low volumetric
exchange ratio allows high autotrophic nitrogen removal in a sequencing batch
reactor. Bioresource Technology, 100(21), 5010-5.
De Clippeleir, H., Vlaeminck, S. E., de Wilde, F., Daeninck, K., Mosquera, M., Boeckx,
P. (2013). One-stage partial nitritation/AMX at 15 °C on pretreated sewage:
feasibility demonstration at lab-scale. Applied Microbiology and Biotechnology,
97(23), 10199-210.
Dosta, J., Fernandez, 1., Vazquez-Padin, J., Mosquera-Corral, A., Campos, J., MataAlvarez, J., Mendez, R. (2008). Short- and long-term effects o f temperature on the
anammox process. Journal o f Flazardous Materials, 154(1-3), 688-93.

206

Dytczak, M., Londry, K., Oleszkiewicz, J. (2008). Activated sludge operational regime
has significant impact on the type o f nitrifying community and its nitrification
rates. Water Research 42(8/9), 2320-2328.
Egli, K., Fanger, U., Alvarez, P., Siegrist, H., van der Meer, J.R., Zehnder, A. (2001).
Enrichment and characterization o f an anammox bacterium from a rotating
biological contactor treating ammonium-rich leachate. Archives o f Microbiology
175, 198-207.
Emde, W., Kroiss, H., Nagel G., Dornhofer, K. (1992). Design procedure and pilot
investigations for the extension o f the main treatment plant o f vienna. Water
Science and Technology 25(4), 9-22.
Falk, M., Reardon, D., Neethling, JB., Clark, D., Pramanik, A. (2013). Striking the
balance between nutrient removal, greenhouse gas emissions, receiving water
quality, and costs. Water Environment Research, 85(12), 2307-16.
Fernandez, I.

Vazquez-Padin, J.R., Mosquera-Corral, A., Campos, J.L., Mendez, R.

(2008). Biofilm and granular systems to improve Anammox biomass retention.
Biochemical Engineering Journal, 42(3), 308-313.
Ferris, M., Muyzer, G., Ward, D. (1996). Denaturing gradient gel electrophoresis profiles
o f 16S rRNA-defined populations inhabiting a hot spring microbial mat
community. Applied and Environental Microbiology, 62(2), 340-346.
Fux, C (2003). Biological nitrogen elimination o f ammonium-rich sludge digester liquids.
PhD

Dissertation. Swiss Federal Institute o f Technology.

Fux, C., Boehler, M., Huber, P., Brunner, I., Siegrist, H. (2002). Biological treatment of
ammonium-rich wastewater by partial nitritation and subsequent anaerobic
ammonium oxidation (anammox) in a pilot plant. Journal Biotechnology, 99(3),
295-306.
Fux, C., Siegrist, H. (2004). Nitrogen removal from sludge digester liquids by
nitrification/denitrification or partial nitritation/anammox: environmental and
economical considerations. Water Science and Technology 50, 19-26.

207

Galloway, J., Dentener, F., Capone, D., Boyer, E., Howarth, R., Seitzinger, S., Asner, G.,
Cleveland, C., Green, P., Holland, E., Karl, D., Michaels, A., Porter, J.,
Townsend, A. and Vorosmarty, C. (2004). Nitrogen cycles: past, present, and
future. Biogeochemistry 70, 153-226.
Galloway, J., Townsend, A., Erisman, J., Bekunda, M., Cai, Z., Freney, J., Martinelli, L.,
Seitzinger, S., Sutton, M. (2008). Transformation o f the nitrogen cycle: Recent
trends, questions, and potential solutions. Science, 320, 889-892.
Gao, D., Lu, J., Liang, H. (2013). Simultaneous energy recovery and autotrophic nitrogen
removal from sewage at moderately low temperatures. Applied Microbiology and
Biotechnology, doi: 10.1007/s00253-013-5237-7
Gao, D., Peng, Y., Li, B., Liang, H. (2009). Shortcut nitrification-denitrification by real
time control strategies. Bioresource Technology, 100(7), 2298-300.
Ge, S., Peng, Y., Qiu, S., Zhu, A., Ren, N. (2014). Complete nitrogen removal from
municipal wastewater via partial nitrification by appropriately alternating
anoxic/aerobic conditions in a continuous plug-flow step feed process. Water
Research, doi: 10.1016/j.watres.2014.01.058.
Gee, C., Kim, J. (2004). Nitrite Accumulation Followed by Denitrification Using
Sequencing Batch Reactor. Water Science and Technology, 49,47-55.
Goreau, T., Kaplan, W., Wofsy, S., McElroy, M., Valois, F., Watson, S. (1980).
Production o f N O 2 ' and N 2 0 by nitrifying bacteria at reduced concentrations o f
oxygen. Applied and Environental Microbiology, 40, 526-532.
Grady, C., Lim, H. (1979). Biological Wastewater Treatment. New York: Marcel Dekker
Grady, C., Daigger, G., Love, N., Filipe, C. (2011). Biological wastewater treatment,
IWA Publishing.
Grady, C., Daigger, G.T., Lim, H. (1999). Biological Wastewater Treatment. New York:
Marcel Dekker.
Graham, D., Knapp, C., Van Vleck, E., Bloor, K., Lane, T., Graham, C. (2007)
Experimental demonstration o f chaotic instability in biological nitrification. ISME
J, 1(5), 385-393.

208

Guo, J., Peng, Y., Wang, S., Zheng, Y., Huang, H., Ge, S. (2009a). Effective and robust
partial nitrification to nitrite by real-time aeration duration control in an SBR
treating

domestic

wastewater.

Process

Biochemistry,

44(9),

979-985.

doi: 10.1016/j .procbio.2009.04.022
Guo, J., Peng, Y., Huang, H., Wang, S., Ge, S., Zhang, J., Wang, Z. (2010). Short- and
long-term effects o f temperature on partial nitrification in a sequencing batch
reactor treating domestic wastewater. Journal o f Hazardous Materials, 179(1-3),
471-9.
Guo, J., Peng, Y., Yang, X., Gao, C., Wang, S. (2013). Combination process o f limited
filamentous bulking and nitrogen removal via nitrite for enhancing nitrogen
removal and reducing aeration requirements. Chemosphere, 91(1), 68-75.
Guo, J., Wang, S., Huang, H., Peng, Y., Ge, S., Wu, C., Sun, Z. (2009b). Efficient and
integrated start-up strategy for partial nitrification to nitrite treating low C/N
domestic

wastewater

Water

Science

and

Technology,

60(12),

3243-51.

doi: 10.2166/wst.2009.619
Giiven, D., Dapena, A., Kartal, B., Schmid, M. C., Maas, B., van de Pas-Schoonen, K.
(2005). Propionate oxidation by and methanol inhibition o f anaerobic ammoniumoxidizing bacteria. Applied and Environmental Microbiology, 71(2), 1066-71.
Hanaki, K., Wantawin, C. Ohgaki, S. (1990). Nitrification at low-levels o f dissolvedoxygen with and without organic loading in a suspended-growth reactor. Water
Research, 24, 297-302
Hao, O., Huang, J. (1996). Alternating aerobic-anoxic process for nitrogen removal:
Process evaluation. Water Environment Research, 68(1), 83-93.
Hazen and Sawyer, PBSJ, McKim and Creed. (2002). Preliminary Engineering Report
for Chesapeake-Elizabeth Treatment Plant Improvements Phase 1.
Head,

M.,

Oleszkiewicz,

J.

(2004).

Bioaugmentation

for nitrification

at cold

temperatures. Water research, 38(3), 523-530. doi:10.1016/j.watres.2003.11.003
Helder, W., De Vries, R. (1983). Estuarine nitrite maxima and nitrifying bacteria (EmsDollard estuary). Netherlands Journal o f Sea Research, 17, 1-18.

209

Heliinga, C., Schellen, A., Mulder, J., van Loosdrecht, M., Heijnen, J. (1998). The
Sharon process: An innovative method for nitrogen removal from ammonium-rich
waste water. Water Science and Technology, 37(9), 135-142.
Hendrickx, T., Wang, Y., Kampman, C., Zeeman, G., Temmink, H., Buisman, C. (2012).
Autotrophic nitrogen removal from low strength waste water at low temperature.
Water Research, 46(7), 2187-93.
Henze, M. (1997). Waste design for households with respect to water, organics and
nutrients. Water Science and Technology 35,113-120.
Henze, M., van Loosdrecht, M.C.M., Ekama, G.A., Brdjanovic, D. (2008). Biological
wastewater treatment: principles modelling and design. IWA Publishing, London,
UK.
Hippen,

A., Rosenwinkel,

K.,

Baumgarten,

G.,

Seyfried,

C.

(1997).

Aerobic

deammonification: a new experience in the treatment o f wastewaters, Water
Science and Technology, 35 (10) 111-120.
Park, H., Sundar, S., Ma, Y., Chandran, K. (2014). Niche segregation o f ecology and
activity between suspended and attached bacteria in a biofilm nitritationanammox process. Biotechnology and Bioengineering. In submission.
Horn, S., van Loosdrecht, M., Jetten, M. (1997). Towards a more sustainable municipal
wastewater treatment system. Water Science and Technology 35(9), 171.
Hu, Z., Lotti, T., de Kreuk, M., Kleerebezem, R., van Loosdrecht, M., Kruit, J. (2013).
Nitrogen removal by a nitritation-AMX bioreactor at low temperature. Applied
and Environmental Microbiology, 79(8), 2807-12.
Huang, Z., Gedalanga, P., Asvapathanagul, P., Olson, B. (2010). Influence of
physicochemical and operational parameters on Nitrobacter and Nitrospira
communities in an aerobic activated sludge bioreactor. Water Research, 44(15),
4351-4358.
Ingildsen, P. (2002). Realising full-scale control in wastewater treatment systems using in
situ nutrient sensors. Ph.D. Dissertation, University o f Lund, Sweden.
Isaka, K., Date, Y., Kimura, Y., Sumino, T., Tsuneda, S. (2008). Nitrogen removal
performance using anaerobic ammonium oxidation at low temperatures. FEMS
Microbiology Letters, 282(1), 32-8.

210

Isaka, K., Sumino, T., Tsuneda, S. (2007). High nitrogen removal performance at
moderately low temperature utilizing anaerobic ammonium oxidation reactions.
Journal o f Bioscience and Bioengineering, 103(5), 486-490.
Jahnke, L. S., Lyman, C., Hooper, A.B. (1984). Carbonic anhydrase, carbon dioxide
levels and growth o f nitrosomonas. Archives o f Microbiology, 140, 291-293.
Jeanningros, Y., Vlaeminck, S., Kaldate, A., Verstraete, W., Graveleau, L. (2010). Fast
start- up o f a pilot-scale deammonification sequencing batch reactor from an
activated sludge inoculum. Water Science and Technology, 61, 1393-1400.
Jenkins, D., Richard, M., Daigger, G. (1992). Manual on the causes and control o f
activated sludge bulking and foaming, Second Edition. CRC Press.
Jetten, M., Horn, S., van Loosdrecht, M. (1997). Towards a more sustainable municipal
wastewater treatment system. Water Science and Technology, 35(9), 171-180.
Jetten, M., Horn, S., and van Loosdrecht, M. (1997). Towards a more sustainable
wastewater treatment system. Water Science and Technology, 35, 171-180.
Jetten, M., Sliekers, O., Kuypers, M., Dalsgaard, T., van Niftrik, L., Cirpus, 1., van de
Pas-Schoonen, K., Lavik, G., Thamdrup, B., Le Paslier, D., Op den Camp, H.,
Hulth, S., Nielsen, L.P., Abma, W., Third, K., Engstrom, P., Kuenen, J.G.,
Jorgensen, B., Canfield, D., Damste, J., Revsbech, N., Fuerst, J., Weissenbach, J.,
Wagner, M., Schmidt, I., Schmid, M., Strous, M. (2003). Anaerobic ammonium
oxidation by marine and freshwater planctomycete-like bacteria. Applied
Microbiology and Biotechnology 63,107-114.
Jetten, M., Wagner, M., Fuerst, J., van Loosdrecht, M., Kuenen, G. and Strous, M.
(2001). Microbiology and application o f the anaerobic ammonium oxidation
('anammox') process. Current Opinion in Biotechnology, 12, 283-288.
Joss, A., Salzgeber, D., Eugster, J., Konig, R., Rottermann, K., Burger, S., Fabijan, P.,
Leumann, S., Mohn, J., Siegrist, H. (2009). Full-scale nitrogen removal from
digester liquid with partial nitritation and anammox in one SBR. Environmental
Science and Technology, 43, 5301-5306.
Ju, L., Huang, L., Trivedi, H. (2007). Simultaneous nitrification, denitrification, and
phosphorus removal in single-tank low dissolved oxygen systems under cyclic
aeration. Water Environment Research, 79(8), 912-920.

21 1

Juretschko, S., Timmermann, G., Schmid, M., Schleifer, K., Pommerening-Roser, A.,
Koops, H., Wagner, M. (1998). Combined molecular and conventional analyses
o f nitrifying bacterium diversity in activated sludge: Nitrosococcus mobilis and
Nitrospira-like bacteria as dominant populations. Applied and Environmental
Microbiology, 64(8), 3042-51.
Kampschreur, M., Poldermans, R., Kleerebezem, R., van der Star, W., Haarhuis, R.,
Abma, W., Jetten, M., van Loosdrecht, M. (2009a). Emission o f nitrous oxide and
nitric oxide from a full-scale single-stage nitritation-anammox reactor. Water
Science and Technology, 60, 3211-3217.
Kampschreur, M., Temmink, H., Kleerebezem, R., Jetten, M., van Loosdrecht, M.,
(2009b). Nitrous oxide emission during wastewater treatment. Water Research,
43,4093-4103.
Kampschreur, M., van der Star, W., Wielders, H., Mulder, J., Jetten, M., van Loosdrecht,
M. (2008). Dynamics o f nitric oxide and nitrous oxide emission during full- scale
reject water treatment. Water Research, 42, 812-826.
Kartal, B. (2008) Ecophysiology o f the anammox bacteria. PhD dissertation, Radboud
University Nijmegen, Nijmegen.
Kartal, B., Rattray, L., van Niftrik, J., van de Vossenberg, M., Schmid, R., Webb, S.,
Schouten, J., Fuerst, Damste, M., Jetten, M., Strous, M., (2007). Candidatus
“Anammoxoglobus propionicus” a new propionate oxidizing species o f anaerobic
ammonium oxidizing bacteria. Syst. Appl. Microbiol. 30, 39-49.
Kartal, B., Kuenen, J., van Loosdrecht, M. (2010) Sewage treatment with anammox.
Science, 328:702-703.
Kartal, B., Kuypers, M., Lavik, G., Schalk, J., Op den Camp, H., Jetten, M., Strous, M.
(2007). Anammox Bacteria Disguised as Denitrifiers: Nitrate Reduction to
Dinitrogen Gas via Nitrite and Ammonium. Environmental Microbiology, 9, 3,
635-642.
Kartal, B., van Niftrik, L., Rattray, J., van de Vossenberg, J. L. C. M., Schmid, M. C.,
Damste, J. S., et al (2008b). Candidatus “Brocadia fulgida” : an autofluorescent
anaerobic ammonium oxidizing bacterium. FEMS Microbiology Ecology, 63(1),
46-55.

212

Kartal, B., van Niftrik, L., Sliekers, O., Schmid, M.C., Schmidt, I., van de PasSchoonen,
K., Cirpus, I., van de Star, W., van Loosdrecht, M., Abma, W., Kuenen, J.G.,
Mulder, J., Jetten, M., Op den Camp, H., Strous, M., van de, Vossenberg, J.
(2004). Application, eco-physiology and biodiversity o f anaerobic ammoniumoxidizing bacteria. Rev. Environ. Sci. Biotechnol, 3, 255-264.
Katehis, D., Stinson, B., Anderson, J., Gopalakrishnan, K., Carrio, L., Pawar, A. (2002).
Enhancement o f nitrogen removal thru innovative integration o f centrate
treatment. Proceedings o f WEFTEC, 75th Annual Conference & Exhibition.
Katsogiannis, A. N., Kornaros, M., Lyberatos, G. (2003). Enhanced nitrogen removal in
SBRs bypassing nitrate generation accomplished by multiple aerobic/anoxic
phase pairs. Water Science and Technology, 47(11), 53-59.
Khunjar, W., Jiang, D., Murthy, S., Wett, B., Chandran, K. (2011). Linking the nitrogen
and one-carbon cycles - the impact o f inorganic carbon limitation on ammonia
oxidation and nitrogen oxide emission rates in ammonia oxidizing bacteria.
Proceedings o f the Water Environment Federation, 2011(13), 3199-3207.
Kim, D., Kim, S. (2006). Effect o f nitrite concentration on the distribution and
competition o f nitrite-oxidizing bacteria in nitratation reactor systems and their
kinetic characteristics. Water Research, 40(5), 887-894.
Kim, J., Guo, X., Park, H. (2008). Comparison study o f the effects o f temperature and
free ammonia concentration on nitrification and nitrite accumulation. Process
Biochemistry, 43(2), 154-160.
Kim, Y. M., Winkler, M., van Loosdrecth, M., Chandran, K. (2012). The effect o f
inorganic carbon limitation on nitrite oxidizing bacteria. Proceedings o f the Water
Environment Federation.
Kindaichi, T., Tsushima, I., Ogasawara, Y., Shimokawa, M., Ozaki, N., Satoh, H. (2007).
In situ activity and spatial organization o f anaerobic ammonium-oxidizing
(anammox) bacteria in biofilms. Applied and Environmental Microbiolology,
73(15), 4931-4939.
Knowles, G., Downing, A., Barrett, M. (1965). Determination o f kinetic constants for
nitrifying bacteria in mixed culture, with the aid o f electronic computer. Journal
o f General Microbiology, 38, 263-278.

213

Kornaros, M,, & Dokianakis, S. (2010). Partial nitrification/denitrification can be
attributed to the slow response o f nitrite oxidizing bacteria to periodic anoxic
disturbances. Environmental Science and Technology, 44, 7245-7253.
Kos, P (1998). Short SRT (solids retention time) nitrification process/flowsheet. Water
Science and Technology, 38(1), pp 23-29.
Kuai L., Verstraete W. (1998). Ammonium removal by the oxygen-limited autotrophic
nitrification-denitrification system. Applied and Environmental Microbiolology,
64,(11), 4500-4506.
Kuypers, M., Sliekers, A., Lavik, G., Schmid, M., Jorgensen, B., Kuenen, J., Damste, J.,
Strous, M., Jetten, M. (2003). Anaerobic ammonium oxidation by anammox
bacteria in the Black Sea. Nature 422, 608-611.
Laanbroek H.,Gerards S. (1993). Competition for limiting amounts o f oxygen between
Nitrosomonas europaea and Nitrobacter Winogradsky grown in mixed contin
uous cultures. Arch Microbiol 159:453-459.
Laanbroek, H. J., Bodelier, P. L. E., Gerards, S. (1994). Oxygen consumption kinetics o f
Nitrosomonas europaea and Nitrobacter hamburgensis grown in mixed continuous
cultures at different oxygen concentrations. Archives o f Microbiology, 161(2),
156-162.
Lackner, S., Gilbert, E. M., Vlaeminck, S. E., Joss, A., Horn, H., van Loosdrecht, M.
(2014). Full-scale partial nitritation/anammox experiences - An application
survey. Water Research, 55C, 292-303.
Lan, C., Kumar, M., Wang, C., Lin, J. (2011). Development o f simultaneous partial
nitrification, anammox and denitrification (SNAD) process in a sequential batch
reactor. Bioresource Technology, 102(9), 5514-9.
Lemaire, R. (2013) Mainstream deammonification Workshop. WEFTEC 2013 Chicago.
Lemaire, R., Marcelino, M., Yuan, Z. (2008). Achieving the nitrite pathway using
aeration phase length control and step-feed in an SBR removing nutrients from
abattoir wastewater. Biotechnology and Bioengineering, 100(6), 1228-1236.
Li, H., Zhou, S., Huang, G., Xu, B. (2012). Partial nitritation o f landfill leachate with
varying influent composition under intermittent aeration conditions. Process
Safety and Environmental Protection. 9 1 ,4 ,2 8 5 -2 9 4 .

214

Lifang, Y., Dangcong, P., Ruiling, P. (2012). Shifts in nitrification kinetics and microbial
community during bioaugmentation o f activated sludge with nitrifiers enriched on
sludge reject water. Journal o f Biomedicine and Biotechnology, 2012, 1-8.
Ling D. (2009). Experience from commissioning o f full-scale DeAmmon® plant at
Himmerfjarden (Sweden). Proceedings o f 2nd IWA specialized Conference on
nutrient Management in Wastewater treatment Processes. Lemtech Konsulting,
ed., Lemtech Konsulting, Krakow, Poland, pp. 403-410.
Liu, Y., Shi, H., Xia, L., Shi, H., Shen, T„ Wang, Z , Wang, Y. (2010). Study o f
operational conditions o f simultaneous nitrification and denitrification in a
Carrousel oxidation ditch for domestic wastewater treatment. Bioresource
Technology, 101(3), 901-906.
Lotti, T., Kleerebezem, R., Kartal, B., Kreuk, M.K. De, Kip, C.V.E.T., Kruit, J., Delta,
W.H. (2013). Pilot scale evaluation o f anammox based main-stream nitrogen
removal from municipal wastewater. WEF/IWA Nutrient Removal and Recovery
2013: Trends in Resource Recovery and Use, Vancouver, Canada, 28-31 July.
Lotti, T., van der Star, W., Kleerebezem, R., Lubello, C., van Loosdrecht, M. (2012). The
effect o f nitrite inhibition on the anammox process. Water Research, 46(8), 25592569.
Liicker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., Vacherie, B. (2010). A
Nitrospira metagenome illuminates the physiology and evolution o f globally
important nitrite-oxidizing bacteria. Proceedings o f the National Academy of
Sciences o f the United States o f America, 107(30), 13479-84.
Ma, B., Zhang, S., Zhang, L., Yi, P., Wang, J., Wang, S., Peng, Y. (2011). The feasibility
o f using a two-stage autotrophic nitrogen removal process to treat sewage.
Bioresource Technology, 102, 8331-8334.
Ma, Y., Park, H., Sundar, S., Chan, C., Koetje, K., Chandran, K. (2012). The effect of
inorganic carbon limitation on the specific activity o f a completely autotrophic
nitrogen-removal removal over nitrite (CANON) biofilm process. Proceedings o f
the Water Environment Federation Technical Exposition and Conference. New
Orleans, LA.

/

215

Ma, Y., Peng, Y., Wang, S., Yuan, Z., Wang, X. (2009). Achieving nitrogen removal via
nitrite in a pilot-scale continuous pre-denitrification plant. Water Research, 43(3),
563-572.
Manser, R., Gujer, W., Siegrist, H. (2006). Decay processes o f nitrifying bacteria in
biological wastewater treatment systems. Water Research, 40(12), 2416-2426.
Manser, R., Gujer, W., Siegrist, H. (2005). Consequences o f mass transfer effects on the
kinetics o f nitrifiers. Water Research, 39(19), 4633-4642.
Martins, A., Heijnen, J., Van Loosdrecht, M. (2004) Bulking sludge in biological nutrient
removal systems. Biotechnology and Bioengineering 86, 125-135.
Martins, A. M., Pagilla, K., Heijnen, J. J., & van Loosdrecht, M. C. (2004). Filamentous
bulking sludge— a critical review. Water Research, 38(4), 793-817.
Matsche, N., Moser, D. (1993). Operation o f a two-stage activated sludge package plant
for high efficiency treatment. Water Science and Technology, 28(10), 299-307.
Matsumoto, S., Terada, A., Aoi, Y., Tsuneda, S., Alpkvist, E., Picioreanu, C., van
Loosdrecht, M. (2007). Experimental and simulation analysis o f community
structure o f nitrifying bacteria in a membrane-aerated biofilm. Water Science and
Technology, 55, 283-90.
McCarty, P., Bae, J., Kim, J. (2011). Domestic wastewater treatment as a net energy
producer-can this be achieved? Environmental Science and Technology, 45(17),
7100-7106.
Miller, M., Bunce, R., Regmi, P., Hingley, D., Kinnear, D., Murthy, S., Wett, B., Bott, C.
(2012). A/B process pilot optimized for nitrite shunt: High rate carbon removal
followed by BNR with ammonia-Based cyclic aeration control. Proceedings o f
the 85th Annual Water Environment Federation Technical Exposition and
Conference, New Orleans, LA Sep. 29-Oct. 3; Water Environment Federation,
Alexandria, VA.
Moussa, M., Sumanasekera, D., Ibrahim, S., Lubberding, H., Hooijmans, C., Gijzen, H.,
van Loosdrecht, M. (2006). Long term effects o f salt on activity, population
structure and floe characteristics in enriched bacterial cultures o f nitrifiers. Water
Research, 40,1377-88.

216

Mulder, A. (2003). The quest for sustainable nitrogen removal technologies. Water
Science and Technology 48, 67-75.
Mulder, A., Van de Graff, A., Robertson, L., Kuenen, J. (1995). Anaerobic ammonium
oxidation discovered in a denitrifying fluidized bed reactor. FEMS Microbiol
Ecology, 16, 177-184.
Mulder, J., van Loosdrecht, M., Hellinga, C., van Kempen, R. (2001). Full-scale
application o f the SHARON process for treatment o f rejection water o f digested
sludge dewatering. Water Science and Technology, 43(11), 127-134.
Miiller-Rechberger, H., Wandl, G., Winkler, S., Svardal, K. and Matsche, N. (2001).
Comparison o f different operational modes o f a two-stage activated sludge pilot
plant for the extension o f the Vienna stp. Water Science and Technology, 44(1),
137-144.
Munch, E., Lant, P., Keller, J. (1996). Simultaneous nitrification and denitrification in
benchscale sequencing batch reactors. Water Research, 30, 277-284.
Ni, B.., Chen, Y. (2009). Modeling a granule-based anaerobic ammonium oxidizing
(ANAMMOX) process. Biotechnology and Bioengineering, 103(3), 490-499.
Nyhuis, G. (2009). Method for the treatment o f wastewater containing ammonia. US
2011/0198284 Al.
Olsson, G. (2012). 1CA and me - A subjective review. Water Research, 46(6), 15851624.
Otte, S., Grobben, N.G., Robertson, L.A., Jetten, M.S.M., Kuenen, J.G. (1996). Nitrous
oxide production by Alcaligenes faecalis under transient and dynamic aerobic and
anaerobic conditions. Applied and Environmental Microbiology, 62, 2421-2426.
Padin, V. (2013). Mainstream deammonfication.
http://www.voutube.com/watch?v=DAicFlLsMLYO.
Park, H., Rosenthal, A., Jezek, R., Ramalingam, K., Fillos, J., Chandran, K. (2010a).
Linking community profiles, gene expression and N-removal in anammox
bioreactors treating municipal anaerobic digestion reject water. Environmetal
Science and Technology, 44, 6110-6116.

217

Park, H., Rosenthal, A., Jezek, R., Ramalingam, K., Fillos, J., and Chandran, K. (2010b).
Impact o f inocula and growth mode on the molecular microbial ecology o f
anaerobic NH 4 + oxidation (anammox) bioreactor communities. Water Research,
44, 5005-5013.
Parker, D., Wanner, J. (2007). Review o f methods for improving nitrification through
bioaugmentation. Proceedings o f the Water Environment Federation, 2007(13),
5304-5326.
Parker, D., Wanner, J. (2007). Improving nitrification through bioaugmentation.
WEF/IWA Nutrient Removal Specialty Conference, Baltimore.
Pellicer-Nacher, C., Sun, S., Lackner, S., Terada, A., Schreiber, F., Zhou, Q., Smets, B.F.
(2010). Sequential aeration o f membrane-aerated biofilm reactors for high-rate
autotrophic

nitrogen

removal:

experimental

demonstration.

Environmental

Science and Technology, 44, 7628-7634.
Peng, Y., Chen, Y., Peng, C., Liu, M. (2004). Nitrite accumulation by aeration controlled
in sequencing batch reactors treating domestic wastewater. Water Science and
Technology, 50, 35-43.
Peng, Y., Guo, J., Horn, H., Yang, X., Wang, S (2012). Achieving nitrite accumulation in
a continuous system treating low-strength domestic wastewater: switchover from
batch start-up to continuous operation with process control. Applied Microbiology
and Biotechnology, 94(2), 517-526.
Peng, Y., Guo, J., Horn, H., Yang, X., Wang, S. (2012). Achieving nitrite accumulation
in a continuous system treating low-strength domestic wastewater: switchover
from batch start-up to continuous operation with process control. Applied
Microbiology and Biotechnology, 94(2), 517-526.
Pochana K., Keller J. (1999). Study o f factors affecting simultaneous nitrification and
denitrification. Water Science and Technology, 39(6), 61-68.
Pollice, A., Tandoi, V., Lestingi, C. (2002). Influence o f aeration and sludge retention
time on ammonium oxidation to nitrite and nitrate. Water Research, 36(10),
2541-2546.

218

Poth, M., Focht, D., (1985). 15N kinetic analysis o f N 2 O production by nitrosomonas
europaea: an examination o f nitrifier denitrification. Applied and Environmental
Microbiology, 49, 1134- 1141.
Quan, Z., Rhee, S., Zuo, J., Yang, Y., Bae, J., Park, J.R., Lee, S., Park, Y. (2008).
Diversity o f ammonium-oxidizing bacteria in a granular sludge anaerobic
ammoniumoxidizing (anammox) reactor. Environmental Microbiology, 10, 31 BO3139.
Randall, C,, Barnard, J., Stensel, H. (1992). Design and retrofit o f wastewater treatment
plants for biological nutrient removal; technomic publishing company Inc.:
Lancaster, Pennsylvania.
Regmi, P., Miller, M., Holgate, B., Bunce, R., Park, H., Chandran, K., Wett, B., Murthy,
S., Bott, C. (2014). Control o f aeration, aerobic SRT and COD input for
mainstream nitritation/denitritation. Water Research, 57,162-71.
Regmi, P., Thomas, W., Schafran, G., Bott, C., Rutherford, B., Waltrip, D. (2011).
Nitrogen removal assessment through nitrification rates and media biofilm
accumulation in an IF AS process demonstration study. Water Research, 45(20),
6699-708.
Rieger, L., Jones, R. M., Dold, P. L., Bott, C. (2014). Ammonia-based feedforward and
feedback aeration control in activated sludge processes. Water Environment
Research.
Ritchie, G., Nicholas, D. (1972). Identification o f the sources o f nitrous oxide produced
by oxidative and reductive processes in Nitrosomonas europaea. Biochem J 126,
1181.
Rittmann, B., Langeland, W. (1985). Simultaneous denitrification with nitrification in
single-channel oxidation ditches. Water Pollution Control Federation, 57(4), 300308.
Rosenwinkel, K., Cornelius, A., Thole D. (2005). Full scale application o f the
deammonification process for the treatment o f sludge water. Proceedings o f IWA
Specialised Conference on nutrient Management in Wastewater treatment
Processes and Recycle Streams, Krakow, Poland, pp. 483-491.

219

Rotthauwe, J., Witzel, K., Liesack, W. (1997). The ammonia monooxygenase structural
gene amoA as a functional marker: molecular fine-scale analysis o f natural NH4+oxidizing populations. Applied and Environmental Microbiology, 63(12), 47044712.
Rysgaard, S., Glud, R., Risgaard-Petersen, N., Dalsgaard, T. (2004). Denitrification and
Anammox Activity in Arctic Marine Sediments. Limnology and Oceanography
49(5), 1493-1502.
Salem, S., Berends, D., Van der Roest, H., Van der Kuij, R., Van Loosdrecht, M. (2004).
Full-scale application o f the BABE technology. Water Science and Technology,
50(7), 87-96.
Schmid, M.,

Twachtmann, U.,

Klein, M.,

Strous, M., Juretschko, S.,

Jetten, M.,

Metzger, J.W., Schleifer, K.H., Wagner, M. (2000). Molecular evidence for genus
level diversity o f bacteria capable o f catalyzing anaerobic ammonium oxidation,
Syst. Appl. Microbiol. 23, 93-106.
Schmid, M., Walsh, K., Webb, R., Rijpstra, W., van de Pas-Schoonen, K. Verbruggen,
M., Hill, T., Moffett, B., Fuerst, J., Schouten, S., Damste, J., Harris, J., Shaw, P.,
Jetten, M., Strous, M. (2003). Candidatus “Scalindua brodae”, sp. nov.,
Candidatus “Scalindua wagneri”, sp. nov., two new species o f anaerobic
ammonium oxidizing bacteria. Syst. Appl. Microbiol, 2, 529-538.
Schmidt, I., Hermelink, C., van de Pas-Schoonen, K., Strous, M., Op den Camp, H.,
Kuenen, J., Jetten, M. (2002). Anaerobic ammonia oxidation in the presence o f
nitrogen oxides (NOx) by two different lithotrophs. Applied and Environmental
Microbiology, 68, 11, 5351-5357.
Schmidt, I., Sliekers, O., Schmid, M., Bock, E., Fuerst, J., Kuenen, J.G., Jetten, M.,
Strous, M. (2003). New concepts o f microbial treatment processes for the nitrogen
removal in wastewater. FEMS Microbiology Reviews, 27(4), 481.
Schramm, A., Beer, D., Heuvel, J.C., Ottengraf, S., Amann, R., (1999). Microscale
distribution o f populations and activities o f Nitrosospira and Nitrospira spp.
along a macroscale gradient in a nitrifying bioreactor: quantification by in situ
hybridization and the use o f microelectrode. Applied and Environmental
Microbiology, 65, 3690-3696.

220

Schramm, A., de Beer, D., Wagner, M., Amann, R. (1998). Identification and activities in
situ o f Nitrosospira and Nitrospira spp. as dominant populations in a nitrifying
fluidized bed reactor Applied and Environmental Microbiology, 64(9), 3480-5.
Schulze-Rettmer, R, Kim, S., Son, S. (1992). Experience with two-stage activated sludge
plants for industrial wastewaters in Korea. Water Science and Technology, 25(45), 427-428.
Sedlak, R. (1991). Phosphorus and nitrogen removal from municipal wastewater:
principles and practice. 2nd ed.; Lewis Publishers: Ann Arbor, Michigan.
Siegrist, H., Salzgeber, D., Eugster, J., Joss, A., (2008). Anammox brings WWTP closer
to energy autarky due to increased biogas production and reduced aeration energy
for N removal. Water Science and Technology 57, 383-388.
Silverstein, J., Schroeder, E. (1983). Performance o f SBR activated sludge processes with
nitrification/denitrification. Water Pollution Control Federation, 55, 377-384.
Sin, G., Kaelin, D., Kampschreur, M., Takacs, I., Wett, B. Gernaey, K.V., Rieger, L.,
Siegrist, H., van Loosdrecht, M.

(2008). Modelling nitrite in wastewater

treatment systems: A discussion o f different modelling concepts. Water Science
and Technology, 58(6), 1155-1171
Siripong, S., Rittmann, B. (2007). Diversity study o f nitrifying bacteria in full-scale
municipal wastewater treatment plants. Water Research, 41(5), 1110-1120.
Sliekers, A., Derwort, N., Gomez, J., Strous, M., Kuenen, J., Jetten, M. (2002).
Completely autotrophic nitrogen removal over nitrite in one single reactor. Water
Research, 36(10), 2475-82.
Sorensen, J., Thornberg, D., Nielsen, M. (1994). Optimization o f a nitrogen-removing
biological wastewater treatment plant using on-line measurements. Water
Environment Research, 66(3), 236-242.
Starkenburg, S.R. (2007). An investigation o f carbon and nitrogen metabolism through a
genomic analysis o f the genus Nitrobacter. Ph.D. Dissertation. Oregon State
University, Oregan, USA.
Stratton, F., Me Carty, P. (1967). Microbiological aspects o f ammonia oxidation o f swine
waste. Canadian Journal o f Microbiology, 37,918-923.

221

Strous, M. (2000). Microbiology o f anaerobic ammonium oxidation. Ph.D. Dissertation,
Department o f Microbiology, TU Technical University, Delft, The Netherlands.
Strous, M., Fuerst, J., Kramer, E., Logemann, S., Muyzer, G., Van de Pas-Schoonen, K.,
Webb, R., Kuenen, J., Jetten, M. (1999). Missing lithotroph identified as new
planctomycete. Nature, 400 (6743), 446.
Strous, M., Heijnen, J., Kuenen J., Jetten M. (1998). The sequencing batch reactor as a
powerful tool for the study o f slowly growing anaerobic ammonium-oxidizing
microorganisms. Applied Microbiology Biotechnology, 50(5), 589-596.
Strous, M., Kuenen, J. G., Jetten, M. (1999). Key physiology o f anaerobic ammonium
oxidation. Applied and Environmental Microbiology, 65(7), 3248-50.
Strous, M., Pelletier, E., Mangenot, S., Rattei, T., Lehner, A., Taylor, M., Horn, M.,
Daims, H., Bartol-Mavel, D., Wincker, P., Barbe, V., Fonknechten, N., Vallenet,
D., Segurens, B., Schenowitz-Truong, C., Medigue, C., Collingro, A., Snel, B.,
Dutilh, B., Op den Camp, H., van der Drift, C., Cirpus, I., van de Pas-Schoonen,
K., Harhangi, H., van Niftrik, L., Schmid, M., Keltjens, J., van de Vossenberg, J.,
Kartal, B., Meier, H., Frishman, D., Huynen, M.A., Mewes, H., Weissenbach, J.,
Jetten, M., Wagner, M. and Le Paslier, D. (2006). Deciphering the evolution and
metabolism o f an anammox bacterium from a community genome. Nature 440,
790-794.
Strous, M., Van Gerven, E., Zheng, P., Kuenen, J., Jetten, M. (1997). Ammonium
removal from concentrated waste streams with the anaerobic ammonium
oxidation

(Anammox) process

in different reactor configurations.

Water

Research, 31(8), 1955-1962.
Svardal, K., Lindtner, S., Winkler, S. (2003). Optimum aerobic volume control based on
continuous in-line oxygen uptake monitoring Water Science and Technology,
47(11), 305-12.
Tang, C., Zheng, P., Wang, C., Mahmood, Q. (2010). Suppression o f anaerobic
ammonium oxidizers under high organic content in high-rate Anammox UASB
reactor. Bioresource Technology, 101(6), 1762-8.
Tchobanoglous, G., Burton, F., Stensel, H. (2003). Wastewater engineering, treatment
and reuse - M etcalf & Eddy. McGraw-Hill, New York.

222

Teske, A., Aim, E., Regan, J., Toze, S., Rittmann, B., Stahl, D. (1994). Evolutionary
relationships among ammonia- and nitrite-oxidizing bacteria. J Bacteriology, 176,
6623-30.
Third, K., Sliekers, O., Kuenen, J., Jetten, M. (2001). The CANON System (Completely
Autotrophic Nitrogen-removal

Over Nitrite) under ammonium

limitation:

interaction and competition between three groups o f bacteria. System and Applied
Microbiology, 24, 588-596.
Toh, S., Webb, R., Ashbolt, N. (2002). Enrichment o f autotrophic anaerobic ammoniumoxidizing consortia from various wastewaters. Microbial Ecology 43(1), 154-167.
Turk O., Mavinic D. (1986). Preliminary assessment o f a shortcut in nitrogen removal
from wastewater. Canadian Journal Civil Engineering, 13,600-605.
Turk, O., Mavinic, D. (1989). Maintaining nitrite buildup in a system acclimated to free
ammonia. Water Research, 23, 1383-1388
Turk, O., Mavinci, D. (1987). Selective inhibition: a novel concept for removing nitrogen
from highly nitrogenous wastes. Environ. Technol. Lett, 8,419-426.
Udert, K. M., Kind, E. (2008). Effect o f heterotrophic growth on nitritation/anammox in
a single sequencing batch reactor. Water Science and Technology, 58(2): 277.
United States Environmental Protection Agency (2013). Wastewater treatment fact sheet:
external

carbon

sources

for

nitrogen

removal.

Retrieved

from:

http://water.epa.gov/scitech/wastetech/upload/Extemal-Carbon-Source-forNitrogen-Removal.pdf
Vadivelu, V., Keller, J., Yuan, Z. (2007). Effect o f free ammonia on the respiration and
growth processes o f an enriched Nitrobacter culture. Water Research, 41(4), 826834.
Vadivelu, V., Yuan, Z., Fux, C., Keller, J. (2006). The inhibitory effects o f free nitrous
acid on the energy generation and growth processes o f an enriched nitrobacter
culture. Environmental Science and Technology, 40(14), 4442-4448.
van Cleemput, O., (1998). Subsoils: chemo- and biological denitrification, N 2 O and N 2
emissions. Nutrient Cycling in Agroecosystems 52, 187-194.
Van de Graaf, A., de Bruijn, P. (1996). Autotrophic growth o f anaerobic ammoniumoxiding micro-organisms in a fluidized bed reactor. Microbiology, 142(8), 2187.

223

van der Star, W., Abma, W., Blommers, D., Mulder, J., Tokutomi, T., Strous, M. (2007).
Startup o f reactors for anoxic ammonium oxidation: experiences from the first
full-scale AMX reactor in Rotterdam. Water Research, 41(18), 4149-63.
van der Star, W., Miclea, A., van Dongen, U., Muyzer, G., Picioreanu, C., van
Loosdrecht, M. (2008). The membrane bioreactor: A novel tool to grow anammox
bacteria as free cells. Biotechnology and Bioengineering, 101, 286-294.
van Dongen U., Jetten M., van Loosdrecht M. (2001). The SHARON-Anammox process
for treatment o f ammonium rich wastewater. Water Science and Technology,
44/1, 153-160.
Van Hulle, S., Vandeweyer, H., Meesschaert, B., Vanrolleghem, P., Dejans, P.,
Dumoulin, A. (2010). Engineering aspects and practical application o f autotrophic
nitrogen removal from nitrogen rich streams. Chemical Engineering Journal, 162,
1- 2 0 .

van Kempen, R., Mulder, J., Uijterlinde, C., Loosdrecht, M. (2001). Overview: full scale
experience o f the SHARON process for treatment o f rejection water o f digested
sludge dewatering. Water Science and Technology, 44(1), 145-52.
Van Loosdrecht M., Jetten M. (1998). Microbiological conversions in nitrogen removal.
Water Science and Technology, 38, 1 - 7.
van Loosdrecht, M., Kuba, T., van Veldhuizen, H., Brandse, F., Heijnen, J. (1997).
Environmental impacts o f nutrient removal processes: Case study. Journal o f
Environmental Engineering, 123(1), 33-40.
Van Niftrik, L., Fuerst, J., Sinninghe Damste, J., Kuenen, J., Jetten, M., Strous, M.
(2004). The anammoxosome: An intracytoplasmic compartment in anammox
bacteria. FEMS Microbiol. Letters, 233, 1, 7-13.
Vazquez-Padln, J., Fernandez, L, Morales, N., Campos, J., Mosquera-Corral, A., Mendez,
R. (2011). Autotrophic nitrogen removal at low temperature. Water Science and
Technology, 63(6), 1282-8.
Verstraete, W., de Caveye, P., Diamantis, V. (2009). Maximum use o f resources present
in domestic "used water". Bioresource Technology, 100, 5537-5545.

224

Vlaeminck, S. E., Terada, A., Smets, B. F., van der Linden, D., Boon, N., Verstraete, W.,
Carballa, M. (2009). Nitrogen removal from digested black water by one-stage
partial nitritation and anammox. Environmental Science and Technology, 43(13),
5035-41.
von Schulthess, R., Gujer, W. (1996). Release o f nitrous oxide (N 2 O) from denitrifying
activated sludge: Verification and application o f a mathematical model. Water
Research, 30, 521- 530.
von Schulthess, R., Kuhni, M., Gujer, W. (1995). Release o f nitric and nitrous oxides
from denitrifying activated sludge. Water Research, 29, 215-226.
Wagner, ML, Rath, G., Koops, H., Flood, J., Amman, R. (1996). In Situ analysis of
nitrifying bacteria in sewage treatment plants. Water Science and Technology, 34,
237-244.
Wandl, G. (2002). Two stage activated sludge plants-influence o f different operational
modes on sludge bulking and nitrification. Water Science and Technology, 46(1 2), 479-486.
Wandl, G., Kroiss, H., Svardal, K. (2006). The main wastewater treatment plant o f
Vienna: An example o f cost effective wastewater treatment for large cities. Water
Science and Technology, 54(10), 79-86.
Ward, B. Nitrification. In Sven Erik Jorgensen and Brian D. Fath (Editor-in-Chief),
(2008). Ecological Processes. Vol. [3] o f Encyclopedia o f Ecology, 5 vols. pp.
[2511-2518] Oxford: Elsevier.
Ward, B., Arp, D., Klotz, M. (2011). Nitrification, Amer Society for Microbiology.
Water Environment Federation (2009). Design o f municipal wastewater treatment plants,
manual o f practice 8. ASCE Manual and Report on Engineering Practice 76. 5th
ed., Water EnvironmentFederation: Alexandria, VA.
Weissenbacher, N., Loderer, C., Lenz, K., Mahnik, S., Wett, B., Fuerhacker, M. (2007).
NO(x), monitoring o f a simultaneous nitrifying-denitrifying (SND) activated
sludge plant at different oxidation reduction potentials. Water Research, 41, 397405.

225

Weissenbacher, N., Takacs, I., Murthy, S., Fuerhacker, M., Wett, B. (2010). Gaseous
nitrogen and carbon emissions from a full-scale deammonification plant. Water
Environment Research 82, 169-175.
Wett B. (2006). Solved upscaling problems for implementing deammonification o f
rejection water. Water Science and Technology, 53(12), 121-128.
Wett B. (2007). Development and implementation o f a robust deammonification process.
Water Science and Technology, 56(7), 81-88.
Wett B., Hell M., Nyhuis G., Puempel T., Takacs I., Murthy S. (2010). Syntrophy o f
aerobic and anaerobic ammonia oxidisers. Water Science and Technology, 61(8),
1915-1922.
Wett, B. (2007). Development and implementation o f a robust deammonification process.
Water Science and Technology, 56(7), 81.
Wett, B., Rauch, W. (2003). The role o f inorganic carbon limitation in biological nitrogen
removal o f extremely ammonia concentrated wastewater. Water Research, 37(5),
1100 - 10 .

Wett, B., (2006). Solved upscaling problems for implementing deammonification of
rejection water. Water Science and Technology, 53,121-128.
Wett, B., Omari, A., Podmirseg, S.M., Han, M., Akintayo, O., Gomez Brandon, M.,
Murthy, S., Bott, C., Hell, M., Takacs, I., Nyhuis, G., O ’Shaughnessy, M., 2013.
Going for mainstream deammonification from bench to full scale for maximized
resource efficiency. Water Science and Technology, 68,283-289.
Wett, B., Rostek, R., Rauch, W., Ingerle, K. (1998). pH-controlled reject-watertreatment. Water Science and Technology 137(12), 165-172.
Wett, B.; Podmirseg, S.M.; Hell, M.; Nyhuis, G.; Bott C. and Murthy, S. (2012).
Expanding

DEMON

sidestream

deammonification

technology

towards

mainstream application. Proc. IWA Conf. on Autotrophic Nitrogen Removal
(SIDISA), Milano.
Williams, R., Frausto Da Silva, J. (1996). The Natural Selection o f the Chemical
Elements: The Environment and Life's Chemistry.

226

Winkler, M., Kleerebezem, R., van Loosdrecht, M. (2012). Integration o f anammox into
the aerobic granular sludge process for main stream wastewater treatment at
ambient temperatures. Water Research, 46(1), 136-44.
Winkler, M., Kleerebezem, R., Kuenen, J. G., Yang, J., van Loosdrecht, M. (2011).
Segregation o f biomass in cyclic anaerobic/aerobic granular sludge allows the
enrichment o f anaerobic ammonium oxidizing bacteria at low temperatures.
Environmental Science and Technology, 45(17), 7330-7.
Woebken, D. Lam, P., Kuypers, M., Naqvi, S., Kartal, B., Strous, M., Jetten, M. Fuchs,
B., Amann, R. (2008). Microdiversity study o f anammox bacteria reveals a novel
Candidatus

Scalindua

phylotype

in

marine

oxygen

minimum

zones.

Environmental Microbiology, 10 (11), 106-3119.
Wong-Chong GM, Loehr RC (1978). Kinetics o f microbial nitrification - nitrite nitrogen
oxidation. Water Research, 12(8), 605-609.
Wyffels, S., Boeckx, P., Pynaert, K., Zhang, D., Van Cleemput, O., Chen, G., Verstraete
W. (2004). Nitrogen removal from sludge reject water by a two-stage oxygenlimited autotrophic nitrification denitrification process. Water Science and
Technology, 49(5-6), 57-64.
Xia, Siqing, Li, Junying, Wang, Rongchang. (2008). Nitrogen removal performance and
microbial community structure dynamics response to carbon nitrogen ratio in a
compact suspended carrier biofilm reactor. Ecological Engineering Ecological
Engineering, 32(3), 256-262.
Xu, Z., Zeng, G., Yang, Z., Xiao, Y., Cao, M., Sun, H. (2010). Biological treatment o f
landfill leachate with the integration o f partial nitrification, anaerobic ammonium
oxidation and heterotrophic denitrification. Bioresource Technology, 101(1), 7986 .

Yang, Q., Peng, Y., Liu, X., Zeng, W. (2007). Nitrogen removal via nitrite from
municipal wastewater at low temperatures using real-time control to optimize
nitrifying communities. Environmental Science and Technology 41 (23), 81598164.

227

Yang, S., Yang, F. (2011). Nitrogen removal via short-cut simultaneous nitrification and
denitrification in an intermittently aerated moving bed membrane bioreactor.
Journal o f Hazardous Materials, 195, 318-323.
Ye, L., Tang, B., Zhao, K., Pijuan, M., Peng, Y. (2009). Nitrogen removal via nitrite in
domestic wastewater treatment using combined salt inhibition and on-line process
control. Water Science and Technology, 60(6), 1633. doi:10.2166/wst.2009.521
Peng, Y., Shouyou, G., Shuying, W., Lu, B. (2007). Partial nitrification from domestic
wastewater by aeration control at ambient temperature. Chinese Journal o f
Chemical Engineering, 15(1), 115-121.
Yoo, H., Ahn, K., Lee, H., Lee, K., Kwak, Y., Song, K., (1999). Nitrogen removal from
synthetic wastewater by simultaneous nitrification and denitrification (SND) via
nitrite in an intermittently-aerated reactor. Water Research, 33, 145-154.
Yu, R., Kampschreur, M., van Loosdrecht, M., Chandran, K. (2010). Mechanisms and
specific directionality o f autotrophic nitrous oxide and nitric oxide generation
during transient anoxia. Environ Science and Technology, 44,1313-1319.
Yu, R., Liaw, S., Cheng, W., Chang, C. (2000). Performance enhancement o f SBR
applying real-time control. Journal o f Environmental Engineering, 126,943-948
Zekker, I., Rikmann, E., Tenno, T., Saluste, A., Tomingas, M., Menert, A., Loorits, L.
(2012). Achieving nitritation and anammox enrichment in a single moving-bed
biofilm reactor treating reject water. Environmental Technology, 33(4-6), 703710.
Zeng, W., Li, L., Yang, Y., Wang, S., Peng, Y. (2010). Nitritation and denitritation of
domestic wastewater using a continuous anaerobic-anoxic-aerobic (A20 ) process
at ambient temperatures. Bioresource Technology, 101(21), 8074-8082.
Zeng, W., Peng, Y., Wang, S., Peng, C. (2008). Process Control o f an Alternating
Aerobic-Anoxic Sequencing Batch Reactor for Nitrogen Removal via Nitrite.
Chemical Engineering and Technology, 31(4), 582-587.
Zeng, W., Zhang, Y., Li, L., Peng, Y., Wang, S. (2009). Control and optimization o f
nitrifying communities for nitritation from domestic wastewater at room
temperatures. Enzyme and Microbial Technology, 45(3), 226-232.

228

Zessner, M., Lampert, C., Kroiss, H., Lindtner, S., (2010). Cost comparison of
wastewater in Danubian countries. Water Science and Technology, 62, 223-230.
Zilverentant, A. (1999). Process for the treatment o f wastewater containing specific
components e.g. ammonia. Patent PCt/NL99/00462, W 00005177.

APPENDIX

Hampton Roads Sanitation District
Chesapeake-Elizabeth Nutrient Removal Pilot Study
Process Flow Schematic

B -S tag e SND/Nitrite Sh u n t P ro c e s s
A -Stage High R ate Activated
Slu d g e (HRAS) P ro c e ss

Preliminary
T reatm ent

B -Stage Deam m om fication P ro c e s s

Pnm ary Clarification
P ro c e s s

L E G EN D
FcrMrdFtow

..... .... .p

RtUfl AcWUM —
Sudp»(RAS>
(ntarrql Maud Uqjor
RsCfde(1ULRJ "
R ro
Q

- P.O. pump
■ Contrffugal pump

SWje(W*9

----------**

Pniminafy Tr«WnBft» |

Cofflpromd Air
(g

Anmic | " " " |

^

b

poristalUcpump

b

M88R Madia

/I

(Wrote

AMmttNtFlw ~ ~ - - +

I

i

b Immorsbn
Hoator

§ { 1 E ] ■ Statntas* Slsol
==E1
Finnod Coil

xwawMei;.. ..... 1
CtvAoban |

|

Pnxn* 8nu«u 1

|

°o%

b

Mombrena
AlrdifTuMi
Tonh Mlxor

Figure A 1. Process flow diagram o f Pilot 1.0 with detailed preliminary treatment.
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Table A 1. Analyses performed by HRSD’s Central Environmental Lab (CEL).
Parameter

Reference Method

Description

TSS

SM 20th 2540D

TSS - Total Suspended Solids Dried at 103105°C

TVSS

SM 18th 2540E

TVSS - Fixed and Volatile Solids Ignited at
550°C

TKN

EPA 351.2

Determination of Total Kjeldahl Nitrogen by

Lachat 10-107-06-2-1.

Flow Injection Analysis Colorimetry (Block
Digestion)

EPA 350.1

Determination of Ammonia by Flow Injection

Lachat 10-107-06-1-C

Analysis Colorimetry

n o 2, n o 3

EPA 353.2

Determination

(N 03 by calc)

Lachat 10-107-04-1-C/A

Injection Analysis Colorimetry

TP

EPA 365.1

Determination of Total Phosphorous by Flow

Lachat 10-115-01-1-E

Injection Analysis Colorimetry (Acid Persulfate

n h 3-n

of

Nitrate/Nitrite

by

Flow

Digestion)
OP

Lachat 10-115-01-1-A

Orthophosphate in Waters

Alkalinity

EPA 310.2

Determination of Alkalinity by Flow Injection

Lachat 10-303-31-1-A

Analysis Colorimetry

SM 18th 5210B

Biochemical Oxygen Demand (BOD) 5 Day

BOD

BOD Test
cBOD

SM 18th 5210B

Carbonaceous Biochemical Oxygen Demand
(cBOD) 5 Day BOD Test

COD

Hach 8000

Chemical Oxygen Demand, Reactor Digestion
Method
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Table A2. Analyses performed in the pilot lab.
Parameter

Reference

Description (Range)

Method
TSS

SM 20th 2540D

TSS - Total Suspended Solids Dried at 103-105°C

n h 3-n

Hach 10205

Ammonia TNTplus ULR (0.015 to 2.00 mg/L NH3-N )

n h 3-n

Hach 10205

Ammonia TNTplus LR (1 to 12 mg/L NHr-N)

n h 3-n

Hach 10205

Ammonia TNTplus HR (2 to 47 mg/L NH3--N)

n o 3-n

Hach 10206

Nitrate TNTplus LR (0.23 to 13.5 mg/L N 0 3-N)

n o 3-n

Hach 10206

Nitrate TNTplus HR (5 to 35 mg/L NOr-N)

n o 2-n

Hach 10019

Nitrite NitriVer 3 TNT LR (0.002 to 0.500 mg/L NO2-N)

N02-N

Hach 10237

Nitrite TNTplus HR (0.6 to 6.0 mg/L NO2-N)

N02-N

Hach 10207

Nitrite TNTplus LR (0.015 to 0.600 mg/L NO2-N)

OP

Hach 8048

Reactive Phosphorus TNT LR (0.6 to 5.00 mg/L PO43')

OP

Hach 10214

Reactive Phosphorus TNTplus (1.6 to 30.0 mg/L PC>43'-P)

TP

Hach 10209

Total Phosphorus TNTplus (0.5 to 5 mg/L P)

COD

Hach 8000

COD TNTplus HR (20 to 1500 mg/L COD)

COD

Hach 8000

COD TNTplus LR (3 to 150 mg/L COD)

COD

Hach 8000

COD TNTplus ULR (1 to 60 mg/L COD)

Cl'

Silver Titrant

Chloride (5 to 400 mg/L Cl')

K+

Hach 8049

Potassium (0.1 to 7.0 mg/L K+)

s2-

LaMotte 4630

Pomeroy Methylene Blue Method (0 to 18 ppm S2')
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A l. AOB and NOB Molecular Sampling
Molecular sampling was performed on a weekly basis. Grab samples were collected from
AvN and AvN CSRT and 1.5 mL was transferred into a 1.7 mL micro centrifuge tube.
The vial was placed into the centrifuge at 0°C and turned on for 3 minutes at 13,000 rpm.
Supernatant was discarded. The vial containing the biomass was then filled with 1.5 mL
o f RNA Protect Solution and the biomass was re-suspended in this solution using a
vortex mixer. Vials were incubated at room temperature for a period o f 5 minutes and
then placed back into the centrifuge at 0°C for 3 minutes at 13,000 rpm. Supernatant was
discarded and samples were labeled with the date and immediately stored on dry ice and
transferred to HRSD’s Central Environmental Laboratory (CEL) for storage in freezer at
-80°C. Vials were then shipped via Fed-Ex to Columbia University for qPCR analysis.

A2. AMX Molecular Sampling
M olecular sampling was performed on a bi-weekly basis, the same week as biomass
density was performed. Kaldnes K3 media pieces were collected by a grab sample from
the anammox MBBR. Three anammox media pieces were placed into approximately 50
mL o f Tris-Acetate-EDTA lx solution and swirled to remove any excess biomass not
attached to the media. Using tweezers that were sterilized with isopropyl alcohol and an
RNase AWAY Surface decontaminant, biomass was transferred from one media piece
into a 1.7 mL micro centrifuge tube, with a minimum amount o f 0.1 mL o f biomass in the
centrifuge tube (one piece o f media per tube). The vial was placed into the centrifuge at
0°C and turned on for 3 minutes at 13,000 rpm. Supernatant was discarded. The vial
containing the biomass was then filled with 1.5 mL o f Tris-Acetate-EDTA lx solution
and the biomass was re-suspended in this solution using a vortex mixer. Vials were
placed back into the centrifuge at 0°C for 3 minutes at 13,000 rpm. Supernatant was
discarded and samples were labeled with the date and immediately stored on dry ice and
transferred to HRSD’s Central Environmental Laboratory (CEL) for storage in freezer at
-80°C. Vials were then shipped via Fed-Ex to Columbia University for qPCR analysis.
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